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Evolution of nuclear division strategies within the fission yeast clade 
Mitosis, an integral eukaryotic process in which the microtubule-based spindle apparatus 
segregates the identical sets of chromosomes to the two daughter cells, must be carried out 
with high fidelity and accuracy. Failure to execute this process faithfully may lead to 
aneuploidy and cell death. The cellular genome in all eukaryotes is surrounded by the nuclear 
envelope, a membrane barrier made of two lipid bilayers and studded with the nuclear pores. 
The nuclear envelope isolates the genetic material from the cytoplasm and ensures functional 
separation between the nuclear-based transcription and RNA processing and cytoplasmic 
translation. The nucleus and its constituents must be remodelled during mitosis to 
accommodate the mitotic spindle assembly, chromosome segregation and formation of the 
daughter nuclei. This can be accomplished through a variety of strategies, with “open” and 
“closed” modes of mitosis positioned at the opposite ends of the spectrum. In the closed 
mitosis, the nuclear envelope remains intact throughout the nuclear division. Alternatively, 
the envelope of the original nucleus breaks down in prophase of mitosis and reassembles 
around the segregated daughter genomes following the mitotic exit. There is a diverse range 
of intermediate “variant” mitoses, where the nuclear integrity is lost but at different mitotic 
stages and through a variety of means. The existence of many variant mitoses in modern 
eukaryotes may reveal the evolutionary history of mitosis that could reflect the specialized 
physiology or the increasing cellular and organismal complexity. A fundamental question is 
how eukaryotic cells adapt the basic mitotic machinery to evolve strikingly different nuclear 
division strategies. 
There are four closely related species within the fission yeast clade. A popular model system, 
Schizosaccaromyces pombe (S. pombe) undergoes “closed” mitosis where nucleocytoplasmic 
compartmentalization is maintained throughout nuclear division. The early diverging 
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Schizosaccharomyces japonicus (S. japonicus) is a relatively under-studied sister species that 
in early studies was suggested to differ in nuclear membrane remodelling. Here, I have 
demonstrated that S. japonicus cells undergo a unique form of “semi-open” mitosis where the 
nuclear envelope dramatically breaks during late anaphase B.  I then went on show that the 
mitotic control of the nuclear surface area may determine the choice between the nuclear 
envelope breakdown and a fully closed division. In S. pombe, the nuclear membrane expands 
by approximately 30% during anaphase to allow maintenance of the constant volume during 
division of the mother nucleus into the two daughters. On the other hand, nuclear membrane 
does not expand in S. japonicus, necessitating the cell cycle-entrained nuclear envelope 
breakage to allow formation of the two daughter nuclei. 
I further showed that the S. japonicus cells utilize the conserved LEM domain protein, Man1, 
to structure the mitotic nucleus to ensure equal daughter nuclei formation, efficient nuclear 
pore complexes inheritance and dispersive nucleolar remodelling. My work shows that Man1 
performs its function through physically linking the chromatin and the nuclear pore 
complexes. Interestingly, while the orthologues of this protein are known to structure 
chromatin at the nuclear periphery during interphase, Man1 in S. japonicus appears to have 
been repurposed for the mitotic role, in order to accommodate for the semi-open nuclear 
division mode in S. japonicus. 
Taken together, in this thesis I discuss my recent work on chromosome and nuclear envelope 
dynamics in Schizosaccharomyces japonicus and argue that the comparative cell biology 
studies using two closely related fission yeast species could provide unique insights into 
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Chapter 1 Introduction 
Mitosis, first described almost 100 years ago (Schneider et al., 1873), is a fundamental 
eukaryotic process of segregating identical copies of genetic material to form two daughter 
nuclei. This intricate process involves major restructuring of the cellular organelles, 
particularly the nucleus and its constituents and is accomplished through tight regulation of 
highly conserved cell cycle signaling pathways and checkpoints. The spatial and temporal 
restrictions on the mitotic process ensures accurate cellular division; failure to do so 
contributes to genomic instability in cells, often leading to diseases such as cancer.  
While the logic of mitosis is consistent throughout the eukaryotic domain, the means to 
accomplish this task are varied - there exists a whole spectrum of nuclear division, from open 
to closed mitosis and an array of intermediate variant forms in between. In open mitosis, 
common in higher eukaryotes, the nucleus dissembles completely starting from prophase and 
reforms around the segregated chromatin masses upon mitotic exit (Hetzer et al., 2005). At 
the other end of the spectrum is closed mitosis where the nucleus remains intact throughout 
the whole process, (Tanaka et al., 1986). Many lower eukaryotes undergo closed mitosis. In 
between these two forms are intermediate forms of mitoses where the nuclear envelope (NE) 
is disrupted partially and nuclear integrity is compromised (De Souza et al., 2009). 
Interesting, organisms are also not restricted to single type of nuclear division; in the 
embryonic syncytial divisions of Drosophila melanogaster (D. melanogaster), polar fenestrae 
are formed around the MTOCs to allow contact between the spindle and chromosomes 
(Drechsler et al., 2012) while the rest of the NE remains undispersed.  
What are the distinct features and requirements of the different forms of mitoses? Also, how 
does the process of mitosis and the relevant cellular constituents evolve and how do cells 
fine-tune the conserved molecular mechanisms in this process to carry out different mitotic 
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processes? Studying lesser known organisms exhibiting variant forms of mitosis and 
comparing two closely related species with dissimilar mitoses could be an appropriate 
approach  to answer these and related questions. As such, the fission yeast S. japonicus, 
which was earlier reported to undergo dissimilar nuclear shapes from a typical closed mitosis 
could be an attractive model organism for comparison with S. pombe, a model organism 
typifying closed mitosis (Robinow et al., 1989). 
Mitosis is a dynamic and well-regulated process with the tight interplay between different 
nuclear components. In the Introduction, I shall introduce the main regulatory pathways 
involved in mitosis.  Next, I shall discuss the main differences between the different modes of 
mitosis. Following that, I will describe the dynamics of the various nuclear-associated 
components, namely the nuclear envelope including the nuclear pores complexes, chromatin, 
nuclear lamina and the nucleolus with respect to the different mitotic forms. Although there is 
a broad range of mitoses, there are some characteristics of the nucleus that all eukaryotes 
share and others, only unique to a certain form of mitosis. I will illustrate these with a section 
describing how the nucleus evolve across different organisms with some examples of 
nuclear-related proteins preserving its functional role and at the same time, adapting to a 
specific form of mitosis. To understand the underlying molecular mechanisms of mitosis, I 
need to look across a spectrum of mitoses in organisms with different complexities. 
Discovering and comparing lesser known organisms with unconventional mitoses to their 
well-characterized relatives undergoing familiar forms of mitosis will help us understand how 
the phenotype of mitosis can change with minor modifications of well-established pathways 
and conserved proteins. Next, I will introduce the fission yeast species, S. japonicus which is 




Mitosis is a tightly controlled and dynamic process  
The eukaryotic cell cycle is divided into 4 phases, S phase, G2 phase, Mitosis and G1 phase. 
Entry to these stages are governed by a class of serine/threonine kinases (Cdks) together with 
their respective cyclin partners. Entry and progression into mitosis is controlled by the 
activity of Cdk1-cyclin B (Hochegger et al., 2008). Cdk1 is the only Cdk regulating the cell 
cycle in yeasts and is essential for development in mammals such as mice. In the fission yeast 
S. pombe, it was proposed that the level of Cdk1/cdc2-cyclin B activity directly controls the 
cell cycle stages, with the lowest levels in G1, moderate levels at S and finally peaks during 
mitosis (Stern et al., 1996). Progression through the cell cycle is also controlled by 3 major 
checkpoints, which are entry into S phase (G1-S checkpoint), mitosis (G2-M checkpoint) and 
the spindle assembly checkpoint (SAC), of which DNA damage events prevents entry into 
mitosis if the genome is defective, such as DNA breaks and the spindle checkpoint delays the 
dissociation of cohesins between the sister chromatids for chromatin segregation till all 
kinetochores are properly attached to the spindle (Hartwell et al., 1989, Lara-Gonzalez et al., 
2012).  
The SAC is a surveillance mechanism that cells employ to ensure that sister chromatids from 
the same pair are properly segregated to each daughter nuclei. During prophase, in mitosis, 
centrosomes or their equivalent, the spindle pole bodies, separate to opposite ends of the 
nucleus and chromosomes start to condense. By prometaphase, the nuclear envelope 
disassembles in organisms undergoing open mitosis, exposing the sister chromatids to the 
cytoplasm while the nuclear envelope remains intact in closed mitosis (Rhind et al., 2012). 
Following this, SAC is activated where checkpoint proteins, such as BUB1, Mad1 and Mad2, 
originally at the NPCs during interphase are recruited to the unattached kinetochores and 
converted into diffusible complexes inhibiting Cdc20, the specificity factor of the anaphase-
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promoting complex (APC) (Pesin et al., 2008). The Nup subcomplex, Rae1/Nup98, is also 
found to bind and inhibit another APC activator, Cdh1 (Jeganathan et al., 2005). The Mlp 
family of proteins then facilitate the localization of the SAC proteins such as Mad1 to the 
kinetochores in the closed mitosis of S. cerevisiae and proximal to the spindle during semi-
open and open mitosis (Scott et al., 2005, Lee et al., 2008 and De Souza et al., 2009). As long 
as one kinetochore is not properly attached to the spindle, the checkpoint response is 
activated which inhibits the APC. It is proposed that these inhibitory complexes form the 
SAC may be either activated forms of Mad2 or a complex including Cdc20, Mad2, BubR1 
and Bub3 (Li et al., 2010). The inhibitory complexes are degraded and the checkpoint signal 
is turned off when all the kinetochores are attached, and the captured chromosomes congress 
to the midzone during the metaphase stage.  
Once cells are allowed to progress from metaphase, the APC, an E3 ubiquitin ligase, 
ubiquitinates key substrates such as securin and cyclin B, which signals their degradation. 
Degradation of cyclin B in turns inactivates Cdk1, which allows exit from mitosis. The 
degradation of securin allows separase to be activated and cleave cohesins situated between 
and binding the sister chromatids (Uhlmann et al., 2003). This releases the sister chromatids 
and allows anaphase to occur. The anaphase stage is divided into anaphase A and anaphase B 
where the duplicated chromosomes are first pulled apart at anaphase A and the mitotic 
spindle extends during anaphase B, further segregating the sister chromatids to the opposite 
cell ends. In closed mitosis, the nuclear envelope increases in its surface volume during 
anaphase B to accommodate the extending intranuclear spindle. By telophase, chromatin 
segregation is completed and 2 daughter nuclei are formed.  
When cells acquire DNA damage, the DNA damage checkpoint response is triggered, 
activating the phosphatidyl-inositol-3-OH kinases (PI(3)k), ATM and ATR (Kastan et al., 
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2004). Homologues of these proteins are also found in yeast as Tel1 and Mec1 respectively. 
Other proteins such as RPA and claspin also localizes to the sites of DNA breakage. ATM 
and ATR then phosphorylate substrates such as p53, BRCA1 which are the adaptor proteins 
and signal transducer proteins, Chk1 and Chk2/Rad53, proliferating the damage signal. In 
turn, these activated proteins then trigger various responses in the cell such as cell cycle arrest 
via inhibition of the activation of CDk1-cyclin B, initiation of DNA repair or if cells cannot 
repair the damage, initiate cell death. The p53 protein, activated by the Chk2 protein, control 
genes involved in cell death (Vogelstein et al., 2000). Yeasts, however, do not have p53. 
Another major downstream event is the inhibition of separase through stabilizing the securin 
protein, Pds1, such that separase cannot cleave cohesins which are proteins that bind the 
sister chromatids together, preventing chromatin segregation. Once cells have repaired the 
damage, the checkpoint is turned off, and cells can continue into mitosis. It is proposed that 
the checkpoint recovery includes the active reversal of the checkpoint activation steps, such 
as dephosphorylation of p53 and Chk1 (Harrison et al., 2006).  
The activation of SAC during mitosis ensures that replicated DNA is processed and 
segregated without defects, minimizing adverse cellular effects such as having abnormal 
DNA content, or aneuploidy. Aneuploidy is one of the most common characteristic in genetic 
diseases such as cancer. Aneuploidy can result from various events of aberrant mitosis, such 
as the presence of multi-polar spindles, defective or reduced activity of checkpoint proteins, 
improper chromatin attachment to the bipolar spindle, etc (Kops et al., 2005). SAC related 
proteins such as MAD1, MAD2, BUB1 are also known as tumor suppressor genes since they 
inhibit progression of mitosis until all chromosomes are properly attached. The reduction in 
activity level of the tumor suppressor genes may be due to mutations of these proteins or 
during mitosis when chromatin is mis-segregated, causing a heterozygous loss of tumor-
suppressor genes. While aneuploidy may not be directly involved in causing cancer, it is 
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likely that it contributes to tumorigenesis. The unequal partititoning of the tunmor suppressor 
gene PTEN found on chromosome 10 is found to contribute to glioblastoma (Molinari et al., 
2013). The loss of tumor suppressor genes is detrimental to cells and strongly promotes 
cancer by having a weakened checkpoint which is not able to initiate mitotic arrest even 
when a few sister chromatids are not properly attached to the spindle. For instance, mice with 
heterozygous loss of Mad2 or Bub1 are more likely to form tumours while mutated BubR1 
alleles are found in MVA (mosaic variegated aneuploidy) patients (Hanks et al., 2004, 
Schvartzman et al., 2010). Total inhibition of the mitotic checkpoint, however, is lethal to 
cells. The mitotic checkpoint might also be weakened through a decrease in the transcription 
levels of the tumor suppressor proteins or an active mechanism of inhibiting them. For 
example, in human T-cell leukaemia virus type 1, Mad1 is inhibited by the Tax oncogene 
(Matsuoka et al., 2003). Besides these, a defective DNA damage response also predisposes 
humans and mice to cancer. For example, loss of ATM has encouraged lymphoma 
development in humans and mice. Loss of ATR is also seen in the genetic disease, Seckel 
syndrome, which patients suffer from a multitude of defects such as dwarfish and mental 
retardation (Alderton et al., 2004). Similarly, mutations in the genes BRCA1 results in a high 
incidence of breast cancers while p53 is involved in a spectrum of cancers such as leukaemia 
(Nichols et al., 2001). In addition, aberrant mitosis causing aneuploidy may also cause 
genetic diseases such as Down’s syndrome, in which patients have an extra chromosome 21.  
Varying Forms of Mitosis  
As the essential cellular process required for an estimated 8.7 million living eukaryotic 
species on earth to ensure the faithful passing for genetic information to future generations, 
the mitotic process has been adapted into many diverse forms (Mora et al., 2011). The ways 
mitosis can differ in are astounding, from the degree and timing of nuclear membrane 
breakdown, extents of disassembly of nuclear complexes such as the nuclear pore complexes 
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and restructuring of nuclear-related components such as chromatin, the nucleolus, the timing 
of spindle formation, among many other aspects. However, only in closed mitosis is nuclear 
integrity preserved; in all other forms, the compartmentalization between the nucleus and 
cytoplasm is compromised.  
During the classical open mitosis, the nuclear membrane, its related components including 
the NPCs and nuclear lamina, and the nucleolus, disintegrates completely by prometaphase. 
This results in the subsequent exposure and bulk segregation of the condensed sister 
chromatids in the cytoplasm. A host of variant mitoses show similarity in segregating the 
sister chromatids in the cytoplasm. For example, in Ustilago Maydis (U. maydis), the spindle 
apparatus pushes the chromosomes out of the nuclear envelope and migrates into the 
cytoplasm of the daughter cell, leaving behind the mother nuclear envelope (Steinberg et al., 
2008). In another illustration, in the syncytial embryonic divisions of the Drosophila 
melanogaster (D. melanogaster), the nuclear envelope is broken at the poles during 
prometaphase together with disassembly of the NPCs while the rest of the nuclear membrane 
remains intact and is reorganised to form a double-layered structure known as the spindle 
membrane (Chen et al., 2001). The timing of NEBD differs in the individual organisms. For 
example, Caenorhabditis elegans (C. elegans) embryos break first at the nuclear ends near 
the spindle poles during metaphase and only disintegrate the rest of the nuclear membrane 
during late anaphase unlike cells undergoing open mitosis which completes NEBD by 
prometaphase (Lee et al., 2000 and Hayashi et al., 2012). Organisms which lose their nuclear 
integrity also display different extents of NPCs disassembly, from full disassembly of the 
complexes during to partial delocalization of the selected nucleoporins. In Aspergillus 
nidulans (A. nidulans), semi-open mitosis is caused by the delocalization of certain 
nucleoporins resulting in loss of nuclear integrity; the core structure of NPCs, however, is 
still maintained. Interestingly, the nucleolus is dissembled later during late anaphase after the 
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bulk of it is exposed to the cytoplasm. In starfish occytes, NPCs disassembly lead to the 
formation of large fenestrations along the nuclear membrane and lamina (Lenart et al., 2003). 
It is the main contributing factor to NEBD during mitosis in starfish occytes.  
At the other end of the scale is closed mitosis chromosomes are segregated inside the nucleus 
which preserves its compartmentalization throughout mitosis. Here, the nucleolus is divided 
into two equal parts without any disassembly. To add to the diversity of mitotic mechanisms, 
even basic requirements thought to be essential for mitosis to proceed properly can be altered 
in some organisms. For instance, during closed mitosis in the human malaria parasite, 
Plasmodium falciparum (P. falciparum), chromosomes do not condense during bulk 
segregation to the opposite poles (Gerald et al., 2011). In addition, in the parasite 
Tryopanosoma brucei (T. brucei), the total number of kinetochores do not tally with the total 
number of chromsomes, suggesting that bulk segregation of sister chromatids might be 
fundamentally different (Ogbadoyi et al., 2000).  
There are several reasons to account for the simultaneous existence of so many types of 
mitoses. One of the main factors is the location of the microtubule organizing centre (MTOC) 
known either as the centrosome in higher eukaryotes or the spindle pole bodies(SPB) in lower 
eukaryotes such as fungi (Ding et al., 1997 and Sazer et al., 2010). In many cells, the 
centrosome remains in the cytoplasm throughout the cell cycle; suggesting that it is necessary 
to compromise the nuclear membrane in order to allow the microtubules emanating from the 
centrosome during mitosis to have access to the intranuclear chromosomes. However, the 
degree of nuclear membrane breakdown differs in various species. While many mammalian 
cells completely disassemble the nuclear membrane during prophase, polar fenestrae are 
formed around the MTOCs to allow contact between the spindle and chromosomes 
(Drechsler et al., 2012) during semi-open mitosis of C. elegans and D. melanogaster. In 
organisms where the nuclear envelope do not break, the MTOC is found situated within the 
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NE during mitosis. In contrast, in organisms with closed mitosis such as the popular model 
systems fission yeast S. pombe and the budding yeast Saccharomyces cerevisiae (S. 
cerevisiae), the mitotic microtubule-organizing centers (MTOCs) known as the spindle pole 
bodies (SPBs), anchored within the plane of the nuclear envelope, drive formation of the 
intranuclear mitotic spindle. While in S. cerevisiae cells, the SPBs remain anchored within 
the NE throughout the cell cycle (Yoder  et al., 2003), in S. pombe they are transiently 
inserted into nuclear envelope for the duration of mitosis (Zheng et al., 2007). Mitosis-
specific nuclear import of tubulin monomers and various microtubule-associated proteins 
allows formation of an intranuclear spindle (De Souza et al., 2009, Kumeta et al., 2012) It is 
also proposed that the short time window  given for the intranuclear mitotic spindle to form 
suggests that A. nidulans partially disassemble the NPCs to promote rapid nuclear influx of 
tubulin monomers while in S. cerevisiae, the spindle starts to form during S phase, evidently 
having more time for spindle formation to take place. As such, changes are made to the 
nuclear transport pathway to import more tubulin monomers. In S. cerevisiae, the Kap121 
nuclear transport pathway is altered during mitosis through the binding of Nup53 to Kap121 
(Dasso et al., 2013). In S. pombe, the cytoplasmic SPB is relocalized to the nuclear periphery 
to facilitate intranuclear spindle formation at the start of mitosis. However, the spatial 
localization of the MTOCs is not the only factor influencing the choice between different 
mitotic mechanisms.  In the semi-open mitosis of the dimorphic plant pathogen, U. maydis, 
microtubules nucleated from the SPB proximal to the mother cell together with dyenin 
pushes the chromosomes into the daughter bud, extracting the SPBs from the nuclear 
periphery and stripping off the NE. The mitotic apparatus migrates into the daughter nuclei 
and a mitotic spindle is formed inside the daughter. In addition, the fission yeast 
Schizosaccharomyces japonicus (S. japonicus) exhibits a SPB/NE insertion cycle and 
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intranuclear spindle formation that are similar to S. pombe, yet, it undergoes a semi-open type 
of mitosis (Aoki et al., 2011).  
It is also interesting to note that semi-open mitosis often occurs in organisms which contain 
multiple nuclei with a common cytoplasm, like in that of D. melanogastar and C.elegans 
embryos. These organisms undergo synchronous mitoses, where multiple nuclei undergo 
mitosis at the same time. In these cases, semi-open mitosis first take place where the 
chromosomes from a single nucleus remain confined within the same NE until they are 
captured by their respective centrosomes. This provides a safety measure to prevent cross-
attachment with centrosomes from other nearby nuclei.  
Dynamics of the Nuclear Envelope and the Nuclear Pore Complexes  
As one of the most prominent organelles in the eukaryotic cell, the nucleus encases the 
chromosomes and is delimited by the NE, consisting of two lipid bilayers that are perforated 
by the nuclear pores (D'Angelo et al., 2006). The outer nuclear membrane (ONM) is 
continuous with the endoplasmic reticulum (ER) while the inner nuclear membrane (INM) is 
associated with chromatin (Hetzer et al., 2010). In animal cells, the nuclear lamina made of 
the intermediate filaments lamins and lamin-associated proteins underlies the INM 
(Gruenbaum et al.,  2003). Both the ONM and the INM contain a heterogeneous population 
of transmembrane proteins that serve a multitude of functions, at times the overlapping ones 
(Anderson et al., 2008). The INM and the ONM are tightly juxtaposed and fuse at 
intermittent intervals, creating openings, the nuclear pores in which the nuclear pore 
complexes (NPCs) are embedded. 
The NPC, a circular macromolecular complex, is made up of repeats of 30 different 
proteins in an eight-fold symmetry (Frenkiel-Krispin et al., 2010, Tran et al., 2006). The NPC 
is highly modular; its structure can be divided into individual nucleoporin (Nup) 
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subcomplexes (Wente et al., 2010). Specifically, there are core Nup subcomplexes consisting 
of Nup84/Nup107-Nup160 that are planar to the nuclear membrane surfaces and the 
transmembrane Nups such as Ndc1 and Pom152 that anchor the NPCs at the NE (Alber et al., 
2007). Together, these nucleoporins form a circular core that is spanning the double 
membrane NE. Each NPC also contains the phenylalanine-glycine repeats-carrying Nups that 
are anchored to the core via linker Nups and mediate the nucleocytoplasmic communication 
(Alber et al., 2007). The peripherally associated Nups extend outwards from the complex and 
into the cytoplasm, and also form a so-called “nuclear basket”, a ring structure at the 
nucleoplasmic face of the NPC (D'Angelo et al., 2008). The nuclear envelope forms a 
physical barrier and all communication between the nucleoplasm and the cytoplasm is 
thought to occur through the NPCs. 
Interphase nucleocytoplasmic transport is primarily maintained through the gradient 
of the small GTPase Ran activity (Clarke et al., 2008). At steady state, the GTP-bound Ran is 
enriched in the nucleus due to the spatial segregation of its main regulators, RanGAP and 
RanGEF. RanGAP, the Ran GTPase-activating protein that converts Ran-GTP to Ran-GDP 
localizes to the cytoplasm (Guttinger et al., 2009), while the RanGEF/RCC1, the Ran guanine 
nucleotide exchange factor that converts Ran-GDP to Ran-GTP is restricted to the nucleus 
due to its interaction with chromatin. As such, this RanGTP gradient determines the 
directionality of nuclear transport (Guttinger et al,. 2009). Exportins bound to the cargo 
molecules destined for export out of the nucleus are bound by Ran-GTP; once the complex 
exits the nucleus, the GTP to GDP hydrolysis on Ran triggers the cargo release. The GDP-
bound Ran is then reimported into the nucleus by the specialized transport protein leading to 
a GDP to GTP exchange (Quimby et al., 2003). Inside the nucleus, Ran-GTP promotes 
release of the nucleus-bound cargo from the complexes with importins (Quimby et al., 2003). 
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The Ran system also has crucial roles during mitosis. Somewhat similar to its function 
in nuclear transport, GTP-bound Ran promotes spindle assembly by releasing the critical 
spindle biogenesis factors from the inhibitory complexes with karyopherins (Pemberton et al.,  
2005). In open mitosis, high levels of Ran-GTP created through the chromatin associated 
RCC1 promote membrane fusion and nuclear reformation around the segregated chromatin 
(Mühlhäusser et al., 2007). Interestingly, during the loss of nuclear integrity in the anaphase 
of meiosis II in S. pombe, the Ran system function is transiently abolished through the 
nuclear import of RanGAP that disrupts the Ran-GTP gradient (Asakawa et al., 2010). This 
confirms the importance of the Ran-GTP gradient in regulation of the nucleocytoplasmic 
transport and nuclear envelope maintenance 
The archetypal open mitosis, common in the more complex eukaryotes such as animal 
cells requires a complete breakdown and reassembly of the nucleus abolishing all boundaries 
between the nucleoplasm and cytoplasm. Notably, one of the earliest obvious events in the 
nuclear envelope breakdown (NEBD) is dispersal of the NPCs (Kutay et al., 2008) It appears 
that specific nucleoporins, such as the FG repeat nucleoporin Nup98, leave the NPC complex 
earlier than the rest (Kutay et al., 2008). It is speculated that this event is the trigger for 
subsequent NPC disassembly from the nuclear envelope. There is also biochemical evidence 
that the NPCs do not totally disassemble into single proteins but rather remain in the 
cytoplasm as stable subcomplexes (Dultz et al., 2008). In addition to being part of the NPC, 
numerous nucleoporins also perform secondary important roles relating to chromatin 
structure, transcriptional control, nuclear reformation, etc. ((Fahrenkrog et al., 2003) and 
described later). 
Another significant event during the NEBD is the physical tearing of the nuclear 
envelope when the microtubule minus end directed motor dynein pulls on the nuclear 
membrane causing multiple invaginations and expanding breaks left at the sites of the 
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disassembled nuclear pore complexes (Salina et al., 2002, Beaudouin et al., 2002). The 
dynein-mediated drag in particular disrupts the NE around centrosomes and on the opposite 
side of the NE (Beaudouin et al., 2002). However, abolishing the mechanical tearing only 
delays but does not prevent the NEBD, suggesting that the NEBD is based on a combination 
of events and that other cell cycle-entrained processes function upstream of the mechanical 
rupture (Salina et al., 2002, Mühlhäusser et al., 2007). 
A body of experimental work suggests that the mitotic phosphorylation of the nuclear 
pore complexes and the underlying nuclear lamina disrupts inter-protein contacts, inducing 
disassembly of the entire NE (Foisner et al., 2003). The multiple phosphorylation sites on 
nucleoporins suggest that the mitotic dissociation of the nuclear pore complexes is not 
controlled by only 1phosphorylation event. The main kinases involved in the NEBD are the 
cyclin dependent kinase 1 Cdk1 and NIMA whose activities are highest in early mitosis 
(Guttinger et al., 2009). Cdk1 has been shown to phosphorylate lamins, the structural 
intermediate filaments located under the inner nuclear membrane, the lamin-interacting 
proteins and the various key nucleoporins such as Nup107-160, Nup98 and Ndc1 (Guttinger 
et al., 2009, Laurell et al., 2011, Mall et al., 2012). In addition to CDK and NIMA, it has been 
reported that other kinases such as the polo kinase Plk1 and Aurora A, are important for the 
timely onset of the nuclear envelope breakdown (Chase et al., 2000, Portier et al., 2007). 
Furthermore, it has been shown that the protein kinase C also directly phosphorylates lamin 
B, contributing to the mitotic lamina disintegration (Hennekes et al., 1993). Upon complete 
disassembly of the NPCs and the nuclear lamina, a portion of the nuclear proteins are then 
absorbed into the endoplasmic reticulum  while a significant amount of soluble nuclear 
proteins are dispersed into the cytoplasm (Ellenberg et al., 1997., Puhka et al., 
2007).Interestingly, there is an increasing body of evidence that when the NPCs are fully or 
partially disassembled, the individual nucleoporins assume additional mitotic roles. For 
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instance, the Nup107-160 subcomplex has been shown to associate with the microtubules of 
the mitotic spindle and later with the kinetochores and the spindle poles (Loiodice et al., 
2004).  
            In the array of variant mitotic division, there are different degrees of nuclear 
disassembly, all resulting in the loss of nuclear integrity at some point in mitosis. The 
filamentous ascomycete, A. nidulans, loses nuclear integrity by partially permeabilizing the 
NPCs. While the overall nuclear envelope structure remains, 14 nucleoporins disperse from 
the nuclear pore complexes, promoting the nuclear entry of the Cdk1/cyclin B complex 
(Osmani et al., 2006). Like in animal cells, this partial disassembly of the NPCs is triggered 
by the kinases NIMA and Cdk1 (De Souza et al., 2004). In A. nidulans, the NIMA kinase 
phosphorylates the nucleoporin Nup98 leading to its mislocalization (De Souza et al., 2004). 
Similarly, in mammalian cells, NIMA has been shown to be recruited to the nuclear pores 
specifically at the G2/M transition and to induce NPC disassembly (Lu et al., 1995). This 
suggests that highly diverged organisms may use conserved signaling molecules to perform 
the nuclear breakdown although the NEBD itself occurs to different degrees. In human cells, 
there are about 11 of NIMA-like kinases with partially overlapping functions, suggesting a 
potential expansion of the signaling toolbox (Fry et al., 2012).  In other variant divisions, for 
instance in syncytial early embryos of D. melanogaster, the NEBD occurs in two phases, 
when the NE initially breaks down only in the vicinity of the centrosomes but fully 
disintegrates very late in anaphase (De Souza et al., 2009). In U. maydis, the NE forms a 
single large break close to the spindle pole bodies to allow the spindle to form in the 
cytoplasm (Steinberg et al., 2008).  
At the end of open or semi-open mitosis, the nuclear envelope must be reformed 
around the segregated chromosomes. The NE reformation is also entrained into the cell cycle. 
Firstly, the protein phosphatases such as PP1gamma dephosphorylate chromatin-interacting 
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proteins including histones to promote chromatin decondensation and protein-protein 
interactions important for nuclear assembly (Vagnarelli et al., 2012). High levels of Ran-GTP 
at the chromatin promote the release of nucleoporins from the inhibition of importin-, such 
as ELYS, the component of the Nup107-160 subcomplex, which is considered to be an initial 
step in post-mitotic NPC assembly (Franz et al., 2007). When functional, this complex 
promotes recruitment of other nucleoporins to the chromatin (Franz et al., 2007) Meanwhile, 
the endoplasmic reticulum membranes contact the chromatin through the function of several 
positively charged nuclear membrane proteins and fuse around the chromatin masses forming 
the double membrane sheet (Martins et al., 2000). 
While open mitosis requires the nucleus to be built from scratch, in closed mitosis the 
nuclear structure remains intact. However, since the total nuclear volume remains constant, 
cells need to accommodate for expansion of the nuclear surface area during division of the 
mother nucleus into two daughters by increasing the NE area by approximately 30% during 
mitosis (Zheng et al., 2007). While several studies have clearly stated this observation, not 
much is known about the mechanism of this spatiotemporally controlled membrane influx. 
While it remains challenging to track membrane flux, studies of cells delaying in mitosis 
suggest that new membrane addition is restricted to the vicinity of the nucleolus. It has been 
proposed that allowing the NE to expand in this area could prevent disruption of the 
perinuclear chromatin contacts with the inner nuclear membrane (Arnone et al., 2013). 
Chromatin dynamics during mitosis  
Nuclear localized chromosomes encode genetic information and in order to maintain 
chromatin integrity and regulate its transcriptional activity, cells utilize various temporal and 
spatial restrictions. An important example of such a restriction is the non-random 
arrangement of chromatin inside the nucleus. It has been established that positioning of 
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chromatin at the inner nuclear membrane devoid of the NPCs provides a repressive 
environment while physical translocation of genes to the membrane in close proximity to the 
NPCs enhances their transcriptional status (Akhtar et al., 2007). Specialized modifications 
and Ill-defined territories within the genome promote interactions with the repressive 
perinuclear environment; the regions associated with the nuclear lamina are often found to 
have low gene density with border elements surrounding them (Zullo et al., 2012). 
Furthermore, histones that structure the perinuclear chromatin tend to exhibit post-
translational modifications such as H3K9me2 and H3K27me3 (Shu et al., 2012). This 
suggests multiple layers of regulation of the genetic material with respect to intranuclear 
positioning. The situation is likely very complex – for instance, studies exploring how 
artificially relocating genetic elements to the nuclear periphery impacts gene expression often 
produce contrasting results, with some studies showing no change in gene expression levels 
and others showing significant repression of genes relocated to the nuclear periphery (Finlan 
et al., 2008, Reddy et al., 2008). 
During mitosis, the chromatin undergoes dynamic restructuring and movement inside 
a cell. In open mitosis, chromatin condensation starts before the NEBD, during early 
prophase when the level of cyclin B reaches a threshold and increases further once nuclear 
integrity is lost (Gong et al., 2010). During the NEBD, phosphorylation of chromatin binding 
factors and the disintegration of the NE detaches chromatin from the nuclear periphery, 
allowing for subsequent capture of sister chromatids by the mitotic spindle apparatus 
(Guttinger et al., 2009). In closed mitosis, the typical interphase localization of the chromatin 
at the inner nuclear membrane is also lost to drive attachment of kinetochores to the 
microtubules of the mitotic spindle and aligning them at the metaphase plate (Fujita et al., 
2012). Once kinetochores are properly attached and the spindle assembly checkpoint is 
satisfied, cells enter anaphase when chromosomes are segregated by the elongating mitotic 
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spindle (Karen et al., 2006). In open mitosis, upon successful segregation of the chromatin 
into two equal parts, the chromatin becomes the focal point for reassembly of the NE by 
attracting ER tubules containing membrane-associated NE proteins and nucleoporin 
subcomplexes (Anderson et al., 2007, Anderson et al., 2008). It has been shown that 
decondensation of chromatin at the exit from mitosis is necessary to drive the NE 
reformation. 
The nuclear lamina 
In higher eukaryotes, the nuclear lamina is a thin intricate meshwork of the type V 
intermediate filaments and the associated inner nuclear membrane proteins (Gruenbaum et 
al., 2005). Lamins are the major components of the nuclear lamina. Broadly, there are two 
classes of lamins, A- and B-type lamins (Schreiber et al., 2013). Structurally, lamins contain 
a central -helical rod domain and a large globular C-terminal domain with Ig-like B folds 
(Gruenbaum et al., 2005). The nuclear lamina has been shown to connect indirectly with the 
cytoskeleton via the LINC (linker of the nucleoskeleton and cytoskeleton) complexes that 
consist of the SUN and KASH domain proteins (Gomez-Cavazos et al., 2012). For many 
years, the sole function of the nuclear lamina was thought to be providing structural strength 
to the nucleus. However, in recent years, it has been discovered that the nuclear lamina plays 
far more important roles. It has been found to influence nuclear chromatin organization and 
serves as docking site for various regulatory proteins such as transcription factors 
(Gruenbaum et al., 2005). In D. melanogaster, mutations in the gene encoding a B-type lamin 
lead to mis-localization of the LINC complexes and loss of connection betIen the nucleus and 
the cytoskeleton (Patterson et al., 2004). This affects nuclear movement and positioning and 
in turn, has severe functional consequences for eye development(Patterson et al., 2004). The 
mutations in the LMNA gene that in humans encodes both lamin A and C isoforms 
(Mewborn et al., 2010) lead to defective nuclear morphology and affects genome positioning 
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within the nucleus (Puckelwartz et al., 2011).Mechanistically, this leads to defects in genome 
stability and expression, such as increased sensitivity to DNA damage and alterations in gene 
expression (Gruenbaum et al., 2005, Singh et al., 2013). 
 In addition to lamins, the nuclear lamina also contains several inner nuclear 
membrane proteins of diverse functions, a significant proportion of which binds to chromatin 
to provide perinuclear anchorage sites (Wagner et al., 2007). One of the most well studied 
groups of lamin-interacting proteins is the LEM (LAP2/Emerin/Man1) domain family. The 
LEM domain proteins extensively interact with the chromatin, both  directly and indirectly 
(Wagner et al., 2007, Wilson et  al., 2010). In animals, LEM domain proteins connect the 
lamin intermediate filaments with the inner nuclear membrane and anchor chromatin at the 
NE, often through the non-specific DNA binding protein, BAF (Barrier to autointegration 
factor) (Wilson et al., 2010). LEM domains proteins often play several roles, affecting a 
broad range of cellular processes such as nuclear integrity, chromatin organization and signal 
transduction (Wagner et al., 2007). They are also known to function as a scaffold for proteins 
complexes (Wagner et al., 2007). Clinically, mutations in both lamins and the LEM domain 
proteins cause laminopathies, a group of diseases affecting muscular tissues and ageing, such 
as Emery-Dreifuss muscular dystrophy (Worman et al., 2012). The LEM domain proteins in 
higher eukaryotes contain the bi-helical LEM motif that is found to bind to BAF. Their 
orthologues in lower eukaryotes have been proposed to bind DNA directly through an 
evolutionary predecessor of the LEM domain, the helix-extension-helix (HEH) motif 
(Brachner et al., 2011). Besides this, LEM domain proteins, notably the Man1 proteins and its 
homologues across various organisms, also possess a conserved Man1-Src1-C-terminal 
(MSC) domain which is also found to participate in DNA binding either directly or through 
chromatin interactors such as BAF. Part of the domain adopts a winged helix fold, which 
facilitates its binding to R-Smads, which are transcriptional regulators involved in TGF B 
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signaling pathways. It is proposed that the MSC domain has a secondary structure similar to 
the Helix-turn-Helix (HTH) fold, a common DNA-binding domain found in bacteria and 
archaea transcriptional regulators (Mans et al., 2004 and Caputo et al., 2006).  
With the nuclear lamina playing such an important role in higher eukaryotes, it is 
perhaps surprising that the genomes of lower eukaryotes such as yeasts do not encode lamins. 
However, the LEM domain proteins exist throughout the eukaryotic domain (Holaska et al., 
2002). In S. cerevisiae, one of the LEM domain proteins, Heh1/Src1 (which is an orthologue 
of Man1 from other species) binds to heterochromatinized subtelomeric DNA and rDNA and 
interacts with Swi6, a heterochromatin protein (Steglich et al., 2012). In the fission yeast S. 
pombe, Man1 has been shown to anchor chromatin to the nuclear periphery during interphase 
(Gonzalez et al., 2012). Furthermore, both LEM domain proteins in S. cerevisiae, Heh1/Src1 
and Heh2/Lem2, are involved in NPCs distribution and possibly NPCs biogenesis (Yewdell 
et al., 2011). Depletion of the Lem2 protein in the fission yeast S. japonicus also changes the 
NE stability, causing premature leakage during mitosis. Taken together, a number of studies 
suggest that the recently identified LEM domain proteins in lower eukaryotes have conserved 
functions in regulating chromatin-NE attachment and supporting the nuclear structure, in the 
absence of a functional nuclear lamina. 
Nucleolus 
The nucleolus is a well defined but not membrane bound nuclear subcompartment that is the 
site of ribosome biogenesis (Shaw et al., 2005). The rDNA transcription by the RNA 
polymerase I occurs inside the innermost compartment, the fibrillar centre that contains the 
rDNA, also known as the nucleolar organizing region . The nucleolus is built entirely around 
the rDNA loci; overlying the fibrillar center is the dense fibrillar compartment responsible for 
processing of rDNA, followed by the outermost layer, the granular compartment where 
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ribosomal maturation takes place (Olson et al., 2000). The rDNA loci are dispersed within the 
genomes of animal cells, while in yeasts they are often confined to one chromosomal region. 
In S. cerevisiae, there are around 100 rDNA repeats located on chromosome XII while in 
human cells, there are around 400 copies scattered through several chromosomes 
(Hernandez-Verdun et al., 2005).  To maintain a constant number of repeats, the rDNA 
repeats are maintained in a heterochromatic state to prevent recombination (Hernandez-
Verdun et al., 2005). In budding yeast, the RENT (regulator of nucleolar silencing and 
telophase exit) silencing complex is responsible for maintaining this inactive state (Cockell et 
al., 1999). Aiding the genome stability maintenance during interphase, the rDNA genes in 
budding yeast are recruited to the inner nuclear membrane through the LEM domain protein 
Heh1/Src1 (Mekhail et al., 2009). In a heh1 genetic background, the rDNA loci are located 
away from the nuclear periphery and are deficient in rDNA repeat number maintenance 
(Mekhail et al., 2009). Silencing of these repeats, however, is not affected (Karim Mekhail et 
al., 2009). Interestingly, heh1 cells also exhibit a significantly increased number of DNA 
damage foci (Mekhail et al., 2009). 
With respect to different forms of nuclear division, cells also exhibit different nucleolar 
dynamics. During open mitosis, the nucleoli disassemble (Dimario et al., 2004, Hernandez-
Verdun et al., 2011), while cells undergoing closed mitosis physically divide the mother 
nucleolar structure into two parts that follow the nucleolar organizing centers during 
chromosome segregation (Snyder 1991). In the former case, the nucleolar RNA polymerase I 
transcription ceases and the bulk of the nucleolar proteins, except for the core transcription 
machinery, disperses from the nucleolus concurrently with the NEBD. In fact, in mammalian 
cells, one of the earliest events signaling the beginning of prophase is the mis-localization of 
a Pol1 co-transcription factor (Leung et al., 2004). As such, the nucleolus disintegrates 
together with the rest of the original nucleus and reforms in the daughter nuclei. For closed 
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mitosis, however, a different mechanism ensures its division into two equal portions (Snyder 
et al., 1991). RNA polymerase I transcription is also inhibited during closed mitosis. It was 
proposed that the transcripts produced during transcription inhibits the binding of condensin 
to rDNA. Condensin binding to rDNA is important for compacting the rDNA locus, in 
preparation of its segregation. This is dependent on the phosphatase Cdc14 release from the 
nucleolus that promotes recruitment of the condesin complex to the nucleolar organizing 
regions (D’Amours et al., 2004, Clemente-Blanco et al., 2009 ). The behavior of the 
nucleolus does not simply mirror that of the nucleus - in the filamentous fungus A. nidulans 
where the nuclear integrity is compromised only through mis-localization of certain Nups, 
with the nuclear envelope structure staying mostly intact, the bulk of the nucleolus is not 
segregated in tandem with the nucleolar organizing regions but disassembles in late anaphase 
(Ukil et al., 2009). Based on work in this organism, it has been proposed that the mother 
nucleolar material could be inactivated by exposure to the cytoplasm and therefore, the 
disassembly and reassembly steps are required to form a structure competent of the ribosome 
biogenesis (Ukil et al., 2009). The study of the nucleolar dynamics is a relatively new field 
that already has provided several intriguing discoveries, such as the nucleolus serving as a 
reservoir of the important mitotic regulators (Olson et al., 2000). 
Evolution of the nucleus and its constituents 
One of the striking differences between eukaryotes and prokaryotes is the presence of the 
nucleus isolating the nuclear genome from the rest of the cellular organelles. Although 
organisms in the eukaryotic kingdom differ greatly, the basic nuclear structure and various 
nuclear pore associated proteins appear conserved throughout evolution. Amongst some of 
the most evolutionary conserved nucleoporins are Gle2, Nup98, Nup96 and Nsp1 suggesting 
that their functions are integral for the nuclear pore function (Mans et al., 2004, Shaw et al., 
2005). The integral nuclear pore transmembrane proteins (Poms) such as Ndc1 and GP120 
22 
 
are also highly conserved among different eukaryotic phyla, although GP120 appears to be 
lost from some fungal lineages (Mans et al., 2004). Interestingly, GP120 contains two unique 
Ig domains, that are characteristic of bacteria cell surface adhesion molecules, suggesting that 
the origins of this protein may have come from prokaryotes (Mans et al., 2004). Strikingly, 
the protein homology searches using the C-terminal domains of lamins also yield bacterial 
membrane associated proteins (Brachner et al., 2011). This suggests that early eukaryotes 
may have utilized the membrane association properties of this domain to promote emergence 
of the nuclear membrane. As part of the dynamic evolving process, it is possible that protein 
homologues may have acquired different roles to accommodate for diverse cell cycle and 
environment sensing events in different organisms. For example, as described above, many of 
the secondary roles taken on by the nucleoporins that are dispersed following the nuclear 
envelope breakdown are specific to open mitosis, since the entire NPC structure remains 
intact during closed mitosis. 
In another example of plasticity between the integral cell biological processes, in 
higher eukaryotes the inner nuclear membrane LEM domain proteins associate with 
chromatin through the accessory factor BAF (Wagner et al., 2007). HoIver, in loIr organisms 
such as unicellular yeasts that do not encode BAF, the orthologous LEM domain proteins 
contain either the HEH (Helix-Extension-Helix) or the SAP (scaffold attachment 
factor/acinus/PIAS) motifs that have been shown to bind to chromatin directly (Mans et al., 
2004). It has been proposed that the canonical LEM domain had evolved from these ancestral 
domains, in tandem with the appearance of BAF (Mans et al., 2004, Brachner et al., 2011). 
Interestingly, while metazoan cells contain three different groups of the LEM domain 
proteins categorized by their specific structural organization (Mans et al., 2004), unicellular 
organisms encode a single group of LEM proteins, the related Man1 and Lem2 proteins that 
have an N-terminal HEH domain, two transmembrane regions and a highly conserved C-
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terminal MSC (Man1-Src1-C-terminal domain)(Brachner et al., 2011, Gonzalez et al., 2012) . 
As discussed above, the LEM domain proteins anchor chromatin at the nuclear periphery to 
promote its stability and to regulate its transcriptional activity. Bioinformatics searches of 
both the N-terminal HEH and MSC regions suggest that they in fact have bacterial origins 
(Mans et al., 2004). However, besides the evolutionary conserved ability to associate with 
DNA, the LEM domain proteins in various organisms have evolved additional signaling and 
structuring functions. For instance, Src1, Man1 homologue in S. cerevisiae, regulates both 
mRNA export and both Src1 and mammalian Man1 is involved in TGF signaling 
(Bengtsson et al., 2007, Grund et al., 2008 ) Man1 in vertebrates cells is found to associate 
with the transcription regulator Btf (Mansharamani et al., 2005). Furthermore, while in both 
yeast and mammalian cells Lem2 appears to regulate the nuclear integrity and structure 
(Brachner et al., 2005, Ulbert et al., 2006, Gonzalez et al., 2012), it is involved in the 
specialized metazoan ERK (extracellular signal regulated kinase) signaling (Huber et al., 
2009).  
S. japonicus as a new model system for study of mitosis  
The fission yeast Schizosaccharomyces japonicus belongs to the genus Schizosaccharomyces, 
within the large fungal phylum of Ascomycota. There are four known Schizosaccharomyces 
species, namely S. pombe, S. japonicus, S. cryophilus and S. octosporus. S. japonicus is 
separated from S. pombe by more than 150 million years of evolution and is an early 
diverging species within the clade (Nicholas Rhind et al., 2011). S. pombe is a Ill-
characterized model organism  which has been used extensively for genetic studies, 
especially the ones elucidating the cell cycle mechanisms (Paul Nurse et al., 1980 ). 
Curiously, despite high genome similarity (Nicholas Rhind et al., 2011) and similar 
morphology S. pombe and S. japonicus appear to differ in many integral processes as 
visualized in early electron microscopy and videomicrophotography studies. It has been 
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proposed earlier that S. japonicus, originally found in the strawberry fields in Japan in the 
1930s could undergo unusual nuclear fission, in addition to being a true dimorphic system 
with separate yeast and pseudohyphae forms (McCully et al., 1971). In recent years, Niki’s 
laboratory at the National Institute for Genetics in Japan constructed the basic genetic tools 
for S. japonicus studies, including auxotrophic and heterothallic strains, episomal plasmid 
vectors, diploid cells with ade6 interallelic complementation  to promote study of essential 
genes (Furuya et al., 2009, Aoki et al., 2010, Furuya et al., 2012). Furthermore, this 
laboratory has established the basic cell manipulation methods such as transformation 
protocols (Aoki et al., 2010). Together with genome sequencing efforts undertaken by the 
Broad Institute, these studies set the experimental platform to perform cell biology studies 
through genetic manipulation. I reasoned that utilizing S. japonicus in conjunction with its 
well understood sister species S. pombe, should allow us to understand how the basic 
functional modules underlying cellular physiology are assembled to achieve phenotypic 
diversity. 
As an example of divergence, it has been shown the DNA damage pathway, 
particularly the checkpoint kinase Chk1, triggers the hyphal differentiaition in S. japonicus 
(Furuya et al., 2012). In S. pombe, cells rarely undergo hyphal differentiation while S. 
japonicus is a true dimorph that transits between the hyphal and yeast forms by a variety of 
stimuli including DNA damage and nutrient stress (Furuya et al., 2012). This suggested that 
highly evolutionary conserved pathways could direct different cell fates in the context of 
related species. Interestingly, the hyphal differentiation in S. japonicus has been recently 
found to depend on changing environmental conditions such as light and temperature, again, 
in vast contrast to S. pombe (Okamoto et al., 2013).  
In particular, I have been interested in understanding how the nuclear membrane 
dynamics is controlled during mitosis in S. japonicus. It has been apparent from older 
25 
 
videomicroscopy studies that S. japonicus cells exhibited unusual nuclear envelope geometry 
during mitotic progression, suggesting vast differences in NE remodelling. I set out to 
understand how mitosis in S. japonicus occurs and in comparison to S. pombe, to discover 
how the previously veiled functionalities could affect the mechanics of the mitotic system. In 
this study, I have performed a comprehensive analysis of the dynamics of numerous nuclear 
components during mitosis in S. japonicus. Importantly, I have shown that S. japonicus 
undergoes a variant form of “semi-open” mitosis through the cell cycle entrained tearing of 
the nuclear envelope during late anaphase B. Furthermore, I discovered that scaling 
considerations underlie the choice between different types of mitotic mechanisms and 










The objectives of this thesis: 
1.) Understand the extent of mitotic variation between the two fission yeasts, S. japonicus 
and S. pombe.  
2.) Identify and analyze specific functionally conserved proteins which are uniquely 
















Chapter 2 Materials and Methods 
1. Drug treatments and Staining Reagents  
 
To abolish the spindles completely, cells were treated with 150 µM of the microtubule 
depolymerizing drug TBZ (thiabendazole, Sigma T-8904) dissolved in dimethyl sulfoxide 
(DMSO). The TBZ concentration was lowered to 50 µM for partial disruption of spindle 
dynamics to induce chromosomal segregation defects. Upon addition of TBZ, cells were left 
to shake at 30min at 24°C prior to imaging. Unlike in S. pombe, however, I did not observe 
any microtubule depolymerization using methyl benzimidazol-2-yl-carbamate at various 
concentrations.  
For inhibition of fatty acid biosynthesis experiments, 10 μM of cerulenin dissolved in DMSO 
(Sigma C-2389) was added to exponentially growing cells for 30 min at 24°C followed by 
immediate time-lapse imaging. Cerulenin is a drug which inhibits the enzyme Fatty Acid 
Synthase to stop production of fatty acids from acetyl-CoA and malonyl-CoA. To rescue the 
growth inhibiton by cerulenin, minimal media (MM) plates were supplemented with 1.5mM 
of exogenous palmitate. Note that boiling the mixture for a short period of time will promote 
dissolving palmitate into the MM agar.   
To stain for DNA, DNA fluorescent stain 4’,6-diamidino-2-phenylindole, DAPI, was added 
to cells permeabilized with methanol in a 1:100 dilution.  
2. Growth media and Conditions  
 
Cells are commonly grown in YES media at 30°C with wild type cells having an average 
doubling of 2hrs.  
Genetic crosses were carried out using two populations of yeast cells with complementary 
mating types are mixed with water and left to diploidize to form spores for 24hrs in a 30°C 
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chamber. These octads are then dissected using the MSM micromanipulator (Singer 
instruments, Somerset, UK). For free spore analyses, the asci were treated with 0.05% 
glusulase overnight at 36°C and washed with 30% ethanol before  plating spores on YES 
medium plates. Upon successful growth of the spores, they will be replica-plated on selection 
media.  
Continuous overnight imaging of  fission yeast cells will require cells to be grown in liquid 
YES medium using ONIX perfusion chambers (CellASIC, Hayward, SA, USA) under the 
control of the proprietor software and a steady  flow of 3 psi. Cells grown in these chambers 
will receive adequate oxygen and fresh medium.  
3. S. japonicus and S. pombe strains  
 
The strains found on Table S1 were constructed during this study.  
Supplemental Table S1: List of Strains 
Schizosaccharomyces japonicus  






Lem2-GFP::ura 4+ Nup85-mCherry::ura4+ ura4sj-D3  ade6sj-domE? 
 
SOJ469 
Nhp6-GFP::ura4+ Nup189-mCherry::ura4+ ura4sj-D3 ade6sj-domE? 
 
SOJ400 
Nhp6-GFP::ura4+  Nup85-mCherry::ura4+ ura4sj-D3 ade6sj-domE? 
 
SOJ238 
GFP-GST-NLS-GFP::ura4+ Nup85-mCherry::ura4+ ura4sj-D3 ade6sj-domE? SOJ427 







































Ost1-GFP::ura4+ ura4sj-D3 ade6sj-domE? h+ 
 
SOJ241 
Sec63-GFP::ura4+ ura4sj-D3 ade6sj-domE? h+ 
 
SOJ257 



























Nup85-mCherry::ura4+  H3-GFP::ura4+  




Taz1-mCherry::ura4+ , Nup85-GFP::ura4+ 













man1:: kanR    
Nup85-GFP::ura4+ 








man1:: kanR  
Taz1-mCherry::ura4+ GFP-Atb2::ura4+ 
Nup189-GFP::ura4+ 
ura4sj-D3 ade6sj-domE ? 
 
SOJ1223 
man1::kanR  mad2:: kanR  
Nup85-mCherry::ura4+  H3-GFP::ura4+ 
ura4sj-D3 ade6sj-domE ? 
 
SOJ1495 
man1:: kanR     
GFP-man1 HEH::ura4+ Nup85-mCherry::ura4+ 
 
SOJ1731 
man1:: kanR     


















man1:: kanR  



















man1::kanR     
GFP-Man1 HEH::ura4+ Erb1-mCherry::ura4+ 
 
SOJ1728 
man1::kanR     

















ura4sj-D3 ade6sj-domE ? 
 
SOJ628 
Nhp6-mCherry::ura4+ LacO repeats::ura4+ 
GFP-linker-LacI-NLS::ura4+  


























Taz1-mCherry::ura4+ , Nup189-GFP::ura4+ 


















man1::kanR mad2::kanR  



















man1:: kanR  




man1:: kanR  
Nup189-GFP::ura4+ Man1 (1-488)-GFP-binding-mCherry::ura4+ 
ura4sj-D3 ade6sj-domE ? 
 
SOJ1961 




man1:: kanR  
Nup189-GFP::ura4+ Erb1-mCherry::ura4+ 
Man1 (1-488)-GFP-binding-mCherry::ura4+ 
ura4sj-D3 ade6sj-domE ? 
 
SOJ1962 
mad2:: kanR  
Man1-mCherry::ura4+ H3-GFP::ura4+ 
ura4sj-D3 ade6sj-domE ? 
 
SOJ1905 
mad2:: kanR  
Tts1-mCherry::ura4+ H3-GFP::ura4+ 
ura4sj-D3 ade6sj-domE ? 
 
SOJ1843 





man1:: kanR  
Nhp6-GFP::ura4+ Erb1-mCherry::ura4+ 
LacO repeats::ura4+ GFP-linker-LacI-NLS::ura4+ 













Genotype Collection  
No. 
Nup85-linker-GFP::ura4+ h+ 
ade6-210 leu1-32 ura4-D18 
 
SO3985 
pBip1-GFP-AHDL::leu1+  h+  







ade6-? leu1-32 ura4-D18 
 
SO5962 






















4. Construction of S. japonicus strains 
The genome assembly for Schizosaccharomyces genus is available at 
http://www.broadinstitute.org/annotation/genome/schizosaccharomyces_group/MultiHome.ht
ml. All references to protein and genomic sequences of the various markers studied here was 
taken from the Broad Institute and were selected based from their respective homologs in 
closely related species, most commonly S. pombe.  
The majority of the GFP- and/or mCherry-tagged markers were constructed using the 
homologous recombination method to integrate recombination cassettes either at the 
endogenous or the ura4 (extra-copy) loci. For this, I have modified the S. pombe plasmid 
backbone pJK210 to include the S. japonicus ura4 cassette as the selection marker at 
restriction sites Bgl II and NheI. For mutants knockouts, the PCR-based recombination 
method is adapted, using kanamycin as the selection marker (Bahler et al., 1998).  
All N-terminally tagged genes such as GFP-Atb2, H3-GFP, GFP-Man1 are expressed 
exogenously as an extra copy under the control of their own promoters  inserted at  the ura4 
genomic locus. I utilized the DNA extraction kits from Epicenter Biotechnologies, Madison , 
WI, USA. Restriction enzymes used during genomic cloning in this study were from New 
England Biolabs.  
5. Synthetic markers 
The artificial markers used to visualize nuclear integrity, GFP-NLS-GST-GFP and NES-
GST-GFP were derived from S. pombe plasmids pREP81-GST-NLS-GFP and pREP81-GST-
NES-GFP that were kindly provided by Dr. M. Sato (University of Tokyo) and  expressed 
under the S. japonicus Atb2 promoter. The artificial ER marker GFP-AHDL / mCherry-
AHDL was constructed similarly as in (Zhang et al., 2010). Both synthetic artificial markers 
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were constructed using the backbone plasmid PJK210 and integrated at the ura4 genomic 
locus.  
For direct visualization of the rDNA arrays, the LacI/LacO system was established. A series 
of 256 LacO repeats was first cloned into PJK210 at the restriction sites SalI and SacI. Next, I 
inserted an amplified DNA fragment from chromosome III into the PJK210 plasmid 
containing the LacO arrays at restriction sites, ApaI and SalI. The 1238bp DNA fragment 
correlates with the genomic sequence (32956-34194 bp) of the positive strand of 
chromosome III. It is found 521bp prior to the rDNA arrays, on the side proximal to the 
centromeric DNA. For efficient yeast transformation, the plasmid was linearized with SpeI. 
In the same strain, I then express GFP-LacI by inserting a copy of GFP-linker-LacI-NLS at 
the ura4 genomic locus under the control of the S. japonicus Atb2-promoter. The linker 
PKAAR is placed between the GFP and LacI sequences. The 256 LacO repeats and LacI 
sequences were obtained from plasmids pAFS59 and pAFS135 respectively (kindly provided 
by Susan M. Gasser, University of Basel and Andrew W. Murray, Harvard University). All 
plasmids containing the 256 LacO repeats were amplified using recombination deficient 
Stb12 bacteria cells (Cat.No.10268-019, Invitrogen). 
S. japonicus cDNA were created using Fermentas Thermo Scientific RevertAid First Strand 
cDNA Synthesis Kit. To engineer the GFP- Man1(1-488) truncated protein illustrated in 
FigS2G, I first cloned the 293bp Man1 promoter into PJK210 backbone plasmid containing 
both the S. japonicus ura4 cassette and the GFP sequence without the stop codon. Next, I 
cloned in the PCR fragment of the Man1 gene containing the first 488aa before transforming 
the linearized plasmid at the ura4 genomic locus.  To generate the GFP-Man1 HEH protein, 
I cloned a PCR fragment of the Man1 gene devoid of the HEH sequence generated from S. 
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japonicus cDNA into the same plasmid above before inserting the plasmid at the ura4 
genomic locus. 
I performed domain analysis of Man1 through expression of two truncated versions of the 
protein integrated at the Ura genomic locus. The first truncated version contains the N-
terminal end of Man1 (1-488) fused to GFP (GFP-Man1(1-488) which contains the HEH1 
domain. The second version of Man1 protein is the Man1 gene product  devoid of the HEH1 
domain amplified  from S. japonicus cDNA and also similarly fused to GFP (GFP-Man1 
HEH).Both proteins are under the control of the Man1 promoter and integrated at the ura4 
genomic locus. I thank Maria Marakova for the S. japonicus mRNA. To engineer the HEH-
based artificial linker, I fused in frame the first 488 amino acids of Man1 to the ORF of the 
13kDa GFP-binding domain derived from the llama heavy chain and mCherry (Rothbauer et 
al., 2008). The construct was integrated at the ura4 genomic locus in man1 cells and 
expressed under the control of man1 promoter.  
6.  S.  japonicus transformation  
10ml cell solution of 300-400 OD was measured using a UV/visible spectrometer (Ultrospec 
2100pro Amersham Biosciences). Cells were washed twice with ice-cold water followed by 
resuspension in 5ml of 1M sorbitol with 250ul of 1M DTT in 30°C for 15 min. The cells are 
pelleted down and resuspended into a concentrated cell solution using 20ul of 1M sorbitol.  
0.5ul of ssDNA together with DNA (about500ng) dissolved in water is added to the cell 
solution. The mixture is then balanced to an overall concentration of 1M sorbitol using an 
equal amount of 2M sorbitol before  incubating on ice for30min. The chilled mixture is next 
electrporated at 2.3V. Cells should then be allowed to recover by immediately resuspending 
the cell solution with fresh 1ml of 1M sorbitol before adding the entire solution to 10ml of 
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fresh YES medium. The solution is left to shake overnight before plating on selective media 
plates.   
7. Microscopy techniques  
For routine observations of strains, I use the Zeiss Axiovery 200M epiflourescence 
microscope (Plan Apochromat NA.=1.4objective) with a mercury lamp . It contains both GFP 
and  mCherry filters, is equipped with a Coolsnap camera (photometrics), Uniblitz shutter 
driver (photonics Rochester NY, USA) and under the control Metamorph software package 
(Universal Imaging m Sunnyvale, CA, USA) Imaging stacks of 13 slices, each 0.5um of a 
single time-point is usually taken.  
I carried out the time-lapse movies on two different confocal systems. I acquire the time-
lapse fluorescence microscopy images with the first system containing  a Zeiss Axiovert 
200M microscope (Plan Apochromat 100X, 1.4NA objective) equipped with an UltraView 
RS-3 spinning disk confocal system (PerkinElmer Inc., Boston, MA, USA) including a 
CSU21 confocal optical scanner, 12-bit digital cooled Hamamatsu Orca-ER camera 
(OPELCO, Sterling, VA, USA) and krypton-argon triple line laser illumination source (488, 
568 and 647 nm), under the control of Metamorph software (Universal Imaging, Sunnyvale, 
CA, USA). The second system consists of a Nikon Eclipse Ti microscope (Plan Apochromat 
Vc 100x/1.40 oil objective lens) equipped with a Yokogawa CSUX1FW spinning disk 
system, Photometrics CoolSNAP HQ2 camera and Metamorph (v7.7.7.0) software. Two 
excitation lasers, Cobalt CalypsoTM 491nm DPSS and Cobalt JiveTM 561nm DPSS were 
utilized for this study. To acquire maximum-projection images, I typically acquired 13 0.5um 
planes for each z-stack. The z-stack maximum projection were next obtained using the 
Metamorph built-in module.  
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 Imaging using scanning confocal microscopy was performed using a LSM 510 microscope 
(Carl Zeiss, Inc.) equipped with a Achroplan 100X1.25NA objective, a 488-nm argon and a 
543-HeNe lasers. Scanning confocal z-stacks were acquired with planes 0.5um or 0.25um 
apart. Maximum projection images were obtained using ImageJ 1.42q (NIH, USA). For all 
imaging, cells were maintained on freshly sealed 2% agarose pads. The orthogonal view 
function of ImageJ was used to visualize the cross-sectional anaphase nuclei in Fig2D.  
For photo-conversion experiments of Nup189-Dendra, I first selected the medial area of the 
nucleus just before anaphase B elongation and illuminated this area with the 30mW 405nm 
laser for 10 iterations at 12% transmission. This photoactivates and converts Nup189-Dendra 
from green to red fluorescent state, which enable me to track the movement of the pre-
existing NPCs throughout the rest of mitosis (Gurskaya et al., 2006 and  Khmelinskii et al., 
2010).  Z-stacks of 4 planes 1.2m apart were acquired before and after the photo-conversion.  
8. Image processing and analysis 
Quantitation of cellular Nhp6-GFP fluorescence was performed using ImageJ as follows. 
First, I ascertained that the total fluorescence intensity of Nhp6-GFP remained constant 
throughout mitosis. Second, the GFP fluorescence intensity was adjusted for bleaching and 
background fluorescence. Nup85-mCherry was used as a marker outlining the NE. The 
integrated GFP fluorescence intensity was measured separately in the nucleus and cytoplasm, 
at three cell cycle stages: at early mitosis , anaphase B and immediately following exit from 
mitosis, and normalized with respect to the total cellular fluorescence (n=5 cells). 
In order to quantify surface area and volume of S. japonicus and S. pombe mitotic nuclei, I 
analyzed time-lapse sequences of z-stacks of 0.5 m–spaced (h) planes covering the entire 
GFP-AHDL-labelled nuclei. The nuclear outline was traced in ImageJ, yielding values for 
perimeter (Pi) and area (Ai) for each respective plane. The total surface area and volume were 
40 
 
then calculated using trapezoid rule, as S (total surface area) = h/2 * ( P1 + 2*P2 + ... + 2*P(m-
1) + Pm ) and V (total volume) = h/2 * (A1 + 2*A2 +... + 2*A(m-1)  + Am ) where m is the 
number of planes spanning the nucleus. For S. japonicus, I followed nuclear shape changes 
starting at metaphase, when nuclei were spherical, until late anaphase when nuclei assumed a 
highly elongated and stretched aspect, just before the breakage of the NE. For S. pombe, I 
measured nuclear geometries as cells progressed from metaphase to a point at anaphase B 
directly preceding the resolution of a mother nucleus into two daughter half nuclei. Plotting 
of data and least square linear fits were performed using Matlab (Mathworks, Natick, MA, 
USA). 
To obtain the mean nuclear pore density graph in Fig3A, time-lapse average projections of 
wild type and man1 cells tagged with Nup85-GFP were adjusted for bleaching and 
background fluorescence.  Next, the nuclear peripheries of the spherical mother nucleus 
before mitosis and the newly formed daughter nuclei were traced and the average GFP 
intensities were measured using the ImageJ program. Subsequently, the ratio of the nuclear 
pore intensities of (daughter nucleus/mother nucleus) were derived from these values. Next, 
the nuclei were measured for their surface area dimensions using the standard surface area 
formula: 4πr2..The radius is an average over 3 measurements using the ImageJ program. The 
surface area ratio comparing daughter nucleus/ mother nucleus was later calculated using the 
derived surface area values. Finally, the ratios of nuclear pore densities of the daughter nuclei 
were then plotted against their corresponding surface area ratios in the graph of Fig3A.  In 
each cell type, 30 cells were used for the calculations.   
To compare the differences in sizes between the daughter nuclei within each cell for both 
wild type and man1 cells in FigS3, the surface areas values of the 60 daughter nuclei from 
the 30 mitotic cells measured above were used. The difference in surface area between the 
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two daughter nuclei in each cell is determined for both genotypes. Following that, the ratio of 
the surface area difference over the larger daughter nucleus’ surface area is multiplied by 100 





Chapter 3 Results  
1. S. japonicus and S. pombe exhibit markedly dissimilar progression of nuclear 
shapes and nuclear pore distribution during mitosis  
1.1 The nucleus in S. japonicus elongates in a diamond-shaped during mitosis and 
relocalizes its NPCs towards the poles 
Initial observations of the nuclear behaviour in S. japonicus suggested strongly that it 
performed mitosis differently as compared to the closely related species, S. pombe (Fig. 
1.1.A). In S. pombe, the NPCs remain at the nuclear periphery as the nucleus undergoes a 
progression of shape changes, from a sphere to a spherocylinder to a dumbbell, that 
eventually resolves into two spherical daughter nuclei (Fig. 1.1.A). However, imaging the 
dynamics of the core nucleoporin Nup85-GFP in mitotic S. japonicus cells showed that the 
spherical nucleus elongated into a diamond shape followed by an abrupt resolution into two 
equally sized daughter nuclei without progressing through the dumbbell shape. This unique 
diamond shape was originally observed in 1984 (Gabriel et al., 1984). Interestingly, the 
initially uniform Nup85-GFP-labeled nuclear pores appeared to migrate towards the leading 
edges of the nucleus at some point during anaphase B and remained there until the dividing 
nucleus abruptly relaxed into a more rounded morphology (Fig. 1.1.B). Upon formation of 
the spherical daughter nuclei, Nup85-GFP again redistributed around the entire nuclear 
periphery (Fig. 1.1.B). I traced the mitotic dynamics of other nucleoporins such as Nup132 
and Nup189 and the nuclear pore associated ER marker Tts1-GFP. Consistently, all NPC 
markers were enriched at the ends of the dividing nucleus during anaphase (Fig. 1.1.C). 
Taken together, our results suggested that a subset of the NPCs at the nuclear equator 
relocalized polewards as the nucleus elongated into a diamond-shape. To determine if the 
pole accumulation of the NPCs was indeed due to a lateral movement of the existing NPCs 
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and not a dynamic disassembly/reassembly of NPCs, I constructed the S. japonicus strain 
expressing the photoactivatable NPC marker Nup189-Dendra from the native chromosomal 
locus. Photoactivation of Nup189-Dendra at the nuclear equator effectively converted the 
green fluorescent Nup189-Dendra to the red fluorescent protein (Gurskaya et al., 2006). As 
the nucleus elongated, I observed the NPCs labelled by the converted Nup189-Dendra 
moving towards the poles where they eventually colocalized with the NPCs marked by the 
non-converted green fluorescent protein (Fig. 1.1.D). This result confirmed that the medial 
NPCs did not disassemble from the nuclear equator but remained intact and redistributed 
towards the poles of the dividing nucleus. I further verified the integrity of the mitotic NPCs 
by analyzing the dynamics of Nup146-GFP and GFP-Nup189, whose orthologues were 
shown to disperse from the partially disassembled NPCs during a semi-open mitosis in 
Aspergillus nidulans (De Souza et al., 2004) (Fig. 1.1.C, middle panel and Fig. 1.1.E displays 
the dynamics of Nup189 tagged at the C-terminal and N-terminal respectively.). The Nup189 
homologue in Aspergillus nidulans, SonB, is proposed to be autoproteolytically cleaved to 
form two nucleoporins, Nup98 and Nup96, each from the N-terminal and C-terminal 
fragment respectively (De Souza et al., 2003). While both Nup96 and Nup98 display 
differential behaviour during semi-open mitosis in Aspergillus nidulans where only Nup98 
delocalizes from the NE, both the  N-and C-terminally GFP-tagged versions of Nup189 
remain at the NE-bound NPCs in S.  japonicus throughout the cell cycle. Nup146-GFP also 
display a consistent behaviour together with the rest of the nuceloporins (Fig. 1.1.F). To this 
end, all NPCs related markers observed so far have similar nuclear dynamics, suggesting that 





Figure 1.1 The nucleus in S. japonicus elongates to become diamond-shaped during 
mitosis and relocalizes its NPCs towards the poles.  
(A, B) Time-lapse maximum projection images of mitotic S. pombe (A) and S. japonicus (B) 
cells expressing endogenous Nup85-GFP proteins as NPC markers. Note an unusual extended 
nuclear aspect and visible “sliding” of nuclear pores towards the opposite ends of the dividing 
nucleus in S. japonicus. Time is in minutes and seconds. (C) Time-lapse maximum projection 
images of mitotic S. japonicus cells expressing respectively: nucleoporins Nup132-GFP (top), 
Nup189-GFP (middle) and the transmembrane ER protein specifically associated with highly 
curved membranes and the nuclear pores, Tts1-GFP (bottom). (D) A sequence of scanning 
confocal images indicating the dynamics of the Dendra-tagged nucleoporin Nup189 during 
mitosis before and after photo-conversion. Note that the Nup189-Dendra marked NPCs 
(photo-conversion shown in red) that initially localize to the nuclear equator move towards 
the poles of the elongating mother nucleus and are eventually inherited by the daughter 
nuclei. (E, F) Time-lapse maximum projection images of mitotic S. japonicus cells 
expressing GFP-Nup189 (E) and Nup146-GFP (F) show both nuceloporins remain on the 
nuclear periphery and migrate like the rest of the nuclear pores. Note that GFP-Nup189 is 
expressed exogenously under the control of its own promoter at the ura4 locus in (E). The 
cell cycle state of Nup189-GFP tagged cells in (C) at the beginning of the time-lapse is 
imaged earlier in mitosis as compared to the cell cycle stage state of GFP-Nup189 tagged 
cells in (E), compare the slightly elongated nuclear shape 10’ in (C) and 1’ in (E). There is no 
difference in the timing of mitotic progression or nuclear dynamics between Nup189-GFP 
and GFP-Nup189 tagged strains, n=10cells. Elapsed time is in minutes and seconds. Scale 








1.2 Nuclear envelope proteins that are not associated with the NPCs remain evenly 
distributed around the periphery of the anaphase nucleus in S. japonicus cells 
To gain a deeper understanding into the nuclear dynamics during S. japonicus mitosis, I 
examined the distribution of other nuclear envelope associate factors. I analysed the 
localization of the inner nuclear membrane (INM) protein  Lem2-GFP (Brachner et al., 2005) 
and the cisternal ER markers Ost1-GFP and Sec63-GFP at various stages of the cell cycle. 
Unlike the NPC-associated proteins that exhibited distinct polarization in late anaphase, 
Lem2-GFP localized evenly along the nuclear periphery throughout mitosis and was also 
enriched at the spindle pole bodies (SPBs). Curiously, at the end of mitosis Lem2-GFP 
formed foci at the intersection between the spindle and the NE, opposite the SPBs (Fig. 
1.2.A). The ER markers Ost1-GFP and Sec63-GFP were also distributed evenly around the 
outer nuclear membrane during late anaphase (Fig. 1.2.B and 1.2.C). As visualized by these 
marker proteins, the mitotic S. japonicus nucleus was initially spherical but later appeared to 
assume a diamond shape with all three markers showing equal distribution throughout the 
nucleus throughout mitosis (Fig. 1.2.B and 1.2.C respectively). Thus, the medial section of 
the anaphase nucleus appears largely NPC-free (Fig. 1.2.D). I also confirmed that at later 
stages of mitosis, the diamond-shaped nucleus relaxed into a more rounded aspect and at this 
stage I occasionally observed discontinuities in the NE outline (Fig. 1.2.B and 1.2.C) Using 
the non-NPC markers, I was able to detect two constrictions that delimited the daughter 
nuclei and a third transient medial compartment that was rapidly disassembled (Fig. 1.2.C 





Figure 1.2 Nuclear envelope proteins that are not associated with the NPCs remain 
evenly distributed around the periphery of the anaphase nucleus in S. japonicus cells 
(A) A collection of scanning confocal maximum projections images of cells expressing 
Lem2-GFP (top) and Nup85-mCherry (middle) in various stages of mitosis. Overlay of two 
markers shown in the bottom panel. (B) Time-lapse maximum projection images (of three 
planes with a z-distance of 0.5 m) of a mitotic S. japonicus cell expressing the ER protein 
Ost1-GFP. The image indicated by the red arrows show the nuclear membrane rupture. (C) 
Time-lapse single plane images of a mitotic S. japonicus cell expressing the ER protein 
Sec63-GFP. The image indicated by the asterisk shows the nuclear membrane rupture. Time 
is in minutes and seconds. (D) Overall, the NE in S. japonicus appears to resolve into two 
daughter nuclei and a short-lived medial compartment, as shown by the resident ER protein 
Ost1-GFP. Shown are maximum projections images of scanning confocal micrographs of 
cells expressing Ost1-GFP (top) and Nup85-mCherry (middle) in various stages of mitosis. 
Overlay of two markers shown in the bottom panel. Note that these are not the time-lapse 










1.3 The mother nucleolus is discarded in between the segregated genomes during 
anaphase in S. japonicus 
This short-lived medial compartment contained the remnant mother nucleolus structure 
marked by Erb1-mCherry and Fib1-mCherry (Fig. 1.3.A and Fig. 1.3.B). Once discarded, the 
mother nucleolar markers rapidly dispersed. I will describe further in detail the mitotic 
dynamics of the nucleolus of S. japonicus  in the later figures. Interestingly, similar nucleolar 
behaviour during mitosis was described for the filamentous ascomycete A. nidulans that 
undergoes a partially open mitosis (De Souza et al., 2004). 
Figure 1.3 The mother nucleolus is discarded in between the segregated genomes during 
anaphase in S. japonicus 
(A) The remnant of the mother nucleolus is discarded in a short-lived medial compartment 
formed during mitosis. Shown are maximum z-projections of scanning confocal micrographs 
of cells expressing the ER marker Sec63-GFP (top) and the nucleolus marker Erb1-mCherry 
(middle) at various stages of mitosis. Overlay of two images is shown in the bottom panel. 
Note that these are not the time-lapse images. (B) Time-lapse maximum projection images of 
mitotic S. japonicus cells co-expressing the nucleolar marker fibrillarin Fib1-mCherry (top) 
and the nucleoporin Nup85-GFP (bottom). When appropriate, time is indicated in minutes 













2. The Nuclear Envelope Breaks and Reseals during mitosis in S. japonicus  
2.1 Nuclear integrity is lost during mitosis in S. japonicus 
While there is an overall high level of homology between genomes of S. japonicus and S. 
pombe, there are molecular markers in S. japonicus that differ in various ways in their 
localization as compared to their S. pombe counterparts. For example, in S. japonicus the 
GFP-tagged chromatin factor Nhp6 (Paull et al., 1995) is not strongly chromosome-
associated as in S. pombe (Matsuyama  et al.,  2006) but instead localizes to the nucleoplasm 
and is only strongly enriched just at one condensed chromatin strand during mitosis (Fig. 
2.1.A and Fig. 2.2.A). It is of note that genomes of both S. japonicus and S. pombe are 
encoded on three chromosomes each (Rhind et al., 2011). Interestingly, I observed that the 
abrupt relaxation of the diamond-shaped NE coincided with a sudden redistribution of the 
nuclear Nhp6-GFP throughout the cellular volume. Within minutes, Nhp6-GFP re-
accumulated in the newly formed daughter nuclei (Fig. 2.1.A and 2.1.B for quantification). 
To evaluate if this redistribution was due to a transient loss of nuclear integrity, I constructed 
an artificial nucleoplasmic marker GFP-GST-NLS-GFP. Using this marker I observed a 
similar defect in nuclear compartmentalization during late anaphase (Fig. 2.1.C). In line with 
this, the artificial cytosolic marker GST-NES-GFP behaved in a manner opposite to that of 
the nuclear proteins (Fig. 2.1.D). The rapid intermixing between the nuclear and cytosolic 
markers together with the observed NE discontinuities late in mitosis suggested that the 
mother nucleus broke physically before remodelling into two daughter nuclei. It is 
worthwhile noting that redistribution of the NPCs towards the leading edges of the nucleus 
preceded the efflux of the nuclear markers (by approximately 2.5 minutes) and therefore did 
not appear to be directly related to this process. 
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Recently it was described that during anaphase of meiosis II in S. pombe there is a transient 
loss of nucleocytoplasmic compartmentalization. It is thought that the loss of 
compartmentalization is at least partially executed through breaking down the gradient of the 
active small GTPase Ran due to redistribution of the RanGAP from the cytosol to the nucleus 
(Asakawa et al., 2010). I did not observe precocious redistribution of RanGAP to the nucleus 
during mitosis in S. japonicus – this protein intermixed with the nucleoplasm at the same time 
as other cytosolic markers (Fig. 2.1.E) In addition, there were no mis-localization of 
RanGEF, Dcd1-GFP, from the NE prior to the nuclear envelope breakage (data not shown). 
Figure 2.1 Nuclear integrity is lost during mitosis in S. japonicus 
(A) Time-lapse maximum projections images of cells expressing the nucleoporin Nup189-
mCherry (top) and the high-mobility group protein Nhp6-GFP (bottom) show an abrupt 
redistribution of Nhp6-GFP fluorescence from the nucleus throughout the cell during mitosis, 
folloId by its eventual re-import to the nucleus. (B) Quantification of nuclear and cytoplasmic 
fluorescence intensities of Nhp6-GFP at three indicated stages of mitosis (n=5, error bars 
indicate standard deviation). (C) Time-lapse maximum projection images of S. japonicus 
cells expressing GFP-GST-NLS-GFP (top) and Nup85-mCherry (bottom). (D) Time-lapse 
maximum z-projection images of GST-NES-GFP dynamics in S. japonicus cells undergoing 
mitosis. Note that this cytosolic marker redistributes throughout the cell following nuclear 
elongation. It is yet again compartmentalized properly following formation of two daughter 
nuclei. (E) Time-lapse maximum z-projection images of cytoplasmic Rna1-GFP intermixing 
with nucleoplasm once the NE changes from a highly stretched diamond shape to a more 







2.2 The nuclear envelope ruptures from a single tear during mitosis in S. japonicus 
To visualize exactly how the NE breaks down, I constructed an artificial ER marker GFP-
AHDL, similarly to the strategy previously developed  in S. pombe (Zhang et al., 2010). The 
C-terminal AHDL peptide functions as the ER lumenal retention signal (Zhang et al.,  2010). 
GFP-AHDL was expressed from the strong constitutive bip1 promoter allowing time-lapse 
movies to be taken with high time resolution. Time-lapse imaging of GFP-AHDL and Nhp6-
mCherry expressing cells revealed that the diamond-shaped nucleus often bent further to 
assume a bow-like configuration before dramatically rupturing in the vicinity of the nuclear 
equator through a single rapidly expanding tear (Fig. 2.2.A, upper panel). The breakage 
coincided with the relaxation of the nuclear envelope and release of the nucleoplasmic 
marker Nhp6-mCherry into the cytoplasm (Fig. 2.2.A, lower panel, n=20cells). The time-
lapse analysis of cells co-expressing Nhp6-mCherry and the kinetochore marker Mis6-GFP 
showed that the nucleoplasmic leakage occurred after the kinetochores were segregated 
towards the spindle poles, suggested that the nuclear membrane broke in late anaphase B 
(Fig. 2.2.B).  I concluded that S. japonicus cells undergo a “semi-open” type of mitosis where 
the nuclear envelope is intact during early mitosis but breaks in late anaphase, leading to an 




Figure 2.2 The nuclear envelope ruptures from a single tear during mitosis in S. 
japonicus 
(A) Time-lapse single plane images of mitotic cells co-expressing the ER marker GFP-AHDL 
(top) and the nuclear protein Nhp6-mCherry (bottom). Note the abrupt rupture of the NE (at 
time point 3’12’’) that coincides with leakage of Nhp6-mCherry from the nucleus. Time is in 
minutes and seconds. Scale bars, 5 m. (B) Time-lapse maximum projection images of cells 
expressing the kinetochore marker Mis6-GFP (top) and Nhp6-mCherry (middle) show that 
loss of nuclear integrity occurs in late anaphase B. Early mitotic cells exhibited three bright 
Mis6-GFP dots representing three metaphase kinetochore pairs that split into six kinetochores 
upon the anaphase onset. The daughter kinetochores rapidly segregated towards spindle poles 
while the nucleus was still spherical, marking the end of anaphase A. In anaphase B, the 
nuclei elongated often exhibiting bending deformations until cells experienced a sudden loss 
of the nuclear integrity. An overlay of two deconvolved time-lapse sequences is shown in the 















3. Elongating Mitotic spindles in S. japonicus are confined and grossly deformed 
by the nuclear envelope prior to the loss of nuclear integrity during anaphase.  
3.1 The intranuclear mitotic spindle buckles dramatically prior to NE breakage 
Pronounced bucking of the diamond-shaped nucleus into a crescent shape (Fig. 2.2.B) 
indicated that the anaphase B nucleus experienced considerable force that at this stage of the 
cell cycle could come from the elongating mitotic spindle, a self-organizing microtubule-
based apparatus segregating the sister chromosomes.  I set to analyse the spindle behavior in 
S. japonicus cells by introducing an additional copy of the GFP-tagged -tubulin GFP-Atb2 
expressed under the control of the atb2 promoter elements. I then visualized spindle 
dynamics in conjunction with those of Nhp6-mCherry. I observed intranuclear spindle 
formation starting from prophase and its subsequent elongation to a so-called “metaphase” 
length that spans the diameter of the mother nucleus. Similar to S. pombe, the metaphase-
length spindle persists for several minutes allowing the kinetochores to attach to the spindle 
microtubules and aligned at the metaphase plate (Fig. 3.1.A and (Nabeshima et al., 1998)). 
The cells then entered anaphase, with rapidly elongating spindles. As spindles elongated, they 
dramatically buckled within the confines of a highly deformed nucleus (Fig. 3.1.A). I 
observed comparable spindle bending in both GFP-Atb2-expressing and untagged wild-type 
strains immunostained with anti--tubulin antibodies (data not shown). Strikingly, when the 
nuclei ruptured, releasing Nhp6-mCherry into the cytoplasm, the spindles sprang back to a 
straight configuration, implying a release of tension (Fig. 3.1.A). I observed that spindle 
straightening coincided with transition of nuclear morphology from a highly stretched aspect 




Figure 3.1 The intranuclear mitotic spindle buckles dramatically prior to NE breakage 
(A) The elongating spindle buckles inside the bow-shaped nucleus as shown by this time-
lapse maximum  projection  images of GFP-Atb2 and Nhp6-mCherry. Note an abrupt spindle 
relaxation as Nhp6-mCherry redistributes throughout the cell. (B) Time-lapse maximum z-
projection images of S. japonicus cells expressing both GFP-Atb2 and Nup189-mCherry 
show a drastic change in nuclear shape upon abrupt relaxation of highly buckled anaphase 









3.2 lem2 cells severely compromise nuclear structure in S. japonicus and mitotic 
spindles remain straight during anaphase 
I wondered if spindle buckling during anaphase B could result from the compressive stress 
exerted on the elongating spindle by the NE. I attempted to weaken the NE integrity to test if 
a more compliant NE will exert a smaller compressive stress and hence result in lesser or no 
spindle bending. The lamin-interacting LEM domain protein Lem2 was reported as crucial 
for maintaining the NE integrity in mammalian cells (Ulbert et al., 2006), and I decided to 
check if such function was conserved in fungi that lack the lamin-centered nuclear lamina 
(Taddei et al., 2010). I visualized the mitotic NE behaviour in cells lacking Lem2 using 
Nup85-GFP as a marker. The NE in lem2Δ cells was unusually ruffled and failed to assume 
the typical diamond shape during anaphase (Fig. 3.2.A), suggesting that the regular NE 
tension was compromised. Under such circumstances, the mitotic spindles in lem2Δ cells 
elongated in a straight line, suggesting that they were no longer constrained by the NE (Fig. 
3.2.B, upper panel, 26 out of 26 cells). Furthermore, the nucleoplasmic markers such as 
Nhp6-mCherry (Figure 3.2.B, bottom panel) and GFP-GST-NLS-GFP (data not shown) 
leaked out from the nucleus immediately following the onset of anaphase B, once the spindle 
length exceeded the nuclear diameter. This was clearly different from the wild type, where 
the nucleoplasm was contained inside a nucleus until late in mitosis, when it virtually 
instantaneously redistributed throughout the cell upon NE breakage (Fig. 3.1.A). I also 
observed an occasional loss of nuclear integrity in interphase lem2Δ cells (Fig. 3.1.C) The 
postmitotic nuclear recruitment of Nhp6 was also delayed in lem2Δ cells, suggesting that 
Lem2 might also function in resealing of the NE after mitosis, especially since in the newly 
forming daughter nuclei the GFP-tagged Lem2 normally localized to two foci at the 
spindle/NE intersection (Fig. 1.2.A). I concluded that the INM protein Lem2 was important 
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for maintaining the NE tension and integrity during mitosis and that the NE in S. japonicus 
could exert sufficient compressive stress to cause the spindle to buckle. 
Figure 3.2 lem2 cells severely compromise nuclear structure in S. japonicus and mitotic 
spindles remain straight during anaphase 
(A)Time-lapse maximum projection images of Nup85-GFP in lem2 cells show extensive 
ruffling of the NE during mitosis. (B) Mitotic spindles remain straight during mitosis in cells 
lacking Lem2, as shown by this time-lapse maximum projection sequence of lem2 cells 
expressing GFP-Atb2 and Nhp6-mCherry. Note that the nucleoplasmic marker Nhp6-
mCherry leaks out of the nucleus immediately following anaphase spindle elongation. (C) 
Time-lapse maximum projection images of Nhp6-GFP in interphase lem2 cells show 
















3.3 The anaphase NE breakage is a cell-cycle entrained event  
I wondered whether the mechanical force of the spindle was essential to tear apart the NE 
during normal mitosis. I constructed cells lacking the spindle assembly checkpoint protein 
Mad2 to force them through mitosis in the absence of the microtubule-kinetochore 
attachments. I treated  mad2Δ cells with thiabendazole (TBZ) to depolymerize microtubules 
completely and then tested whether the nucleoplasmic markers such as Nhp6-mCherry still 
redistributed throughout the cell. I found that all cells lost the nucleocytoplasmic 
compartmentalization in spite of the absence of the spindle (Figure 3.3; 21 cells), although 
the leakage lasted over a few minutes and was not instantaneous, unlike in the wild type. I 
observed similar behaviour in mitotic wild-type cells treated with TBZ (data not shown). The 
fluorescence later recovered in several micronuclei, each formed around a cluster of the 
Nhp6-mCherry-labeled chromatin (albeit with slower kinetics as compared to the wild-type: 
27.5 ± 7.4 min versus 3 min for TBZ-treated and control cells, respectively). I concluded that 
the S. japonicus cells evolved a specialized mechanism triggering the NE breakdown in 
anaphase, independent of the forces exerted by the elongating mitotic spindle. The spindle, 










Figure 3.3 The anaphase NE breakage is a cell-cycle entrained event  
The time-lapse maximum projection sequence of mad2 cells progressing through mitosis 
without the mitotic spindle (in the presence of a microtubule poison TBZ), shows that the 
nucleoplasmic protein Nhp6-mCherry is released and re-imported into the daughter nuclei. 














4. Increases in the Nuclear Surface Area allows for “Closed” Mitosis 
4.1 S. pombe cells increase their nuclear surface area during anaphase by 30% while S. 
japonicus cells maintain a constant nuclear surface area 
Unusual progression of nuclear shapes together with the NE breakage suggested that the 
nuclear envelope area was not increasing during mitosis in S. japonicus. I decided to compare 
the scaling requirements for both S. pombe and S. japonicus that perform closed and “semi-
open” mitosis respectively.  Since the nuclear volume remains constant during closed mitosis, 
a simple scaling argument shows that when r1 is the radius of the mother nucleus and r2 is the 
radius of each of the two daughter nuclei, 4/3πr1
3




 = 1/2. The ratio of 








 = 1.26. Indeed, similar percentages of mitotic nuclear surface 
area increases were previously reported for S. pombe  (Lim et al., 2007,  Zheng et al., 2007). 
However, when the extra surface area is not added, an alternative is to reduce the nuclear 
volume to form two smaller daughter nuclei. In this case, constancy of surface area implies 
that 4πr1
2




 = 1/2. The ratio of the total volume of the two daughter 
nuclei to that of the mother nucleus is then 2 × 4/3πr2
3/4/3πr1
3




 = 0.71, 
suggesting a combined 30% volume loss upon formation of daughter nuclei without nuclear 
surface area increase. 
I carefully estimated the expansion of the S. pombe and S. japonicus nuclei during mitosis. 
The measurements were performed from time 0 when the mitotic nuclei were still spherical to 
a diamond/bow-like stage immediately preceding the NE rupture in S. japonicus and a 
corresponding dumbbell stage in S. pombe (n = 10 cells, at time 0 the surface area and 
volume are set to 100%; Fig. 4.1.A; Fig. 4.1.B). Linear least-squares fitting indicated that the 
nuclear surface area is S. pombe indeed grew at an average rate of 3.6%/min (p = 0.0345). 
65 
 
The nuclear volume remained relatively constant (Fig. 4.1.B; volume growth was statistically 
insignificant, p = 0.236). In line with previously published data, upon completion of nuclear 
division, the combined surface area and volume of daughter nuclei were 133% ± 11% and 
105% ± 9%, respectively, relative to the mother nucleus. Thus, the S. pombe nucleus indeed 
adds the extra surface area as it prepares to divide, suggesting the existence of a connected 
membrane reservoir. 
In contrast, I found that both the surface area and the volume of S. japonicus nuclei did not 
increase prior to the nuclear rupture, suggesting that there was no addition of new membranes 
during mitosis (Fig. 4.1.C; Fig. 4.1.D; n = 10 cells). Upon formation of the daughter nuclei, 
their combined surface area and volume were 99% ± 7% and 69% ± 7% respectively, relative 
to the mother nucleus. Therefore, I concluded that in order to divide without any mitotic-
specific increase in nuclear surface area, the S. japonicus nucleus undergoes major 




Figure 4.1 S. pombe cells increase their nuclear surface area during anaphase by 
30% while S. japonicus cells maintain a constant nuclear surface area 
Increase in the nuclear surface area allows “closed” mitosis. (A, C) Plots representing 
experimentally determined values for the nuclear surface area during nuclear division in S. 
pombe (A) and S. japonicus (C). At time 0, the surface area is set to 100% and the changes 
are shown in relationship to this benchmark (n=10 cells). Measurements chart nuclear shape 
changes in both organisms expressing the ER marker GFP-AHDL (top panels) (B, D). 
Measurements of the nuclear volume in S. pombe and S. japonicus cells undergoing mitosis 
(n=10 cells each). The measurements start at the stage when the nuclei are still spherical 
(time 0) and are performed every minute, until the bow/diamond stage (immediately 
preceding the nuclear rupture) for S. japonicus. and the corresponding early dumbbell stage 
for S. pombe. Representative montages of the time-lapse images are shown on the top of each 
graph. The final measurements (at 12 minutes) are taken for fully formed daughter nuclei. 
The change is shown in percentages with respect to time 0. Time is in minutes. Note that the 
nuclear volume remains fairly constant throughout nuclear division in S. pombe but 
dramatically drops following nuclear rupture and reformation of the daughter nuclei in S. 

















4.2 Inhibition of growth of NE surface area during mitosis in S. pombe cells leads to 
spindle breakage and a failure in nuclear division.  
The NE in fungi is reinforced by the SPBs that appear to counter the spindle-induced 
membrane deformations (Lim et al., 2007, Zheng  et al., 2007) therefore, when the elongating 
spindle pushes against the NE, it will experience compressive stress along its longitudinal 
direction. In S. pombe, the NE grows concomitantly with spindle elongation, compensating 
for the compressive stress and the spindle remains straight. However, in S. japonicus, where 
the nuclear surface area does not increase, the compressive stress would eventually exceed 
the spindle's buckling threshold, and the spindle will buckle. I hypothesized that spindle 
buckling should occur in all nuclei that do not add new membranes. To test this prediction, I 
restricted the membrane availability in S. pombe by pretreating cells with the fatty acid 
synthase inhibitor cerulenin (Fig. 4.2.A and Fig. 4.2.B; (Awaya et al.,  1975)) for 30 min 
prior to recording the time-lapse sequences of mitosis. I reasoned that it could prevent new 
membrane biosynthesis at the mitotic entry without major disruption to cell growth. I used 
GFP-Atb2 to visualize spindle structure and GST-NLS-mCherry and Tts1-mCherry to mark 
the nucleoplasm and the ER. In control cells, the mitotic spindles remained straight 
throughout nuclear division (Fig. 4.2.B, upper panel). In contrast, many anaphase spindles in 
cerulenin-treated cells severely buckled (15 out of 23 cells). Buckling frequently led to 
spindle breakage into two half-spindles (8 out of 15 spindles). In such cases, the nuclei 
extended into a diamond shape but later collapsed back into a single sphere of the original 
diameter (Fig. 4.2.B, bottom panel). The rest of the nuclei divided into unequally sized 
daughters exhibiting a limited increase in their combined surface area, similar to what was 
reported previously (data not shown and (Saitoh et al., 1996)). The difference between the 
two outcomes could be due to the incomplete exhaustion of the membrane reservoir in some 
cerulenin-treated cells. Similar treatment of S. japonicus cells with cerulenin did not interfere 
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with mitotic progression Fig. 4.2.A and Fig. 4.2.C). Thus, it appears that the initial sequence 
of events during anaphase spindle elongation is similar in cerulenin-treated S. pombe and 
wild-type S. japonicus cells, with spindles buckling within the NE. However, because the 
mechanism that regulates the mitotic NE rupture is absent from the S. pombe lineage, the 
spindles in cerulenin-treated S. pombe eventually collapse under the compressive stress. I 
concluded that S. japonicus, unlike its sister species, lacks the ability to enlarge the NE 
during mitosis, resulting in the necessity to break down the mitotic nucleus, to release the 
compressive force on the extending intranuclear spindle and to allow formation of two 
daughter nuclei. 
Figure 4.2 Inhibition of growth of NE surface area during mitosis in S. pombe cells leads 
to spindle breakage and a failure in nuclear division.  
 (A) Cerulenin inhibits fatty acid biosynthesis in both S. pombe and S. japonicus cells. Shown 
are serial dilutions of S. pombe and S. japonicus cultures grown on minimal media agar plates 
containing indicated chemicals. Note that in both yeasts the growth inhibition by cerulenin 
can be rescued by supplementing the media with exogenous palmitate. (B) Limiting the 
membrane reservoir prior to mitosis by inhibition of fatty acid biosynthesis in S. pombe 
triggers pronounced spindle buckling, often leading to spindle breakage and abortive nuclear 
division. Shown are time-lapse sequences of maximum projection images of control (top) and 
cerulenin-treated (bottom) S. pombe cells expressing NLS-GST-mCherry, Tts1-mCherry and 
GFP-Atb2. Time is in minutes. Scale bars, 5 m. (C) Time-lapse sequences of maximum 
projection images of GFP-AHDL Nhp6-mCherry expressing S. japonicus cells that were 
pretreated with the fatty acid biosynthesis inhibitor cerulenin for 30 min prior to mitosis. 










5. Nuclear pores co-segregate with chromatin in mitotic S. japonicus cells. 
5.1 The NPCs migrate polewards at late anaphase concurrent with the segregating 
chromatids 
It became evident that mitosis in S. japonicus is diverged as compared to S. pombe. In 
addition to the phenomenon of the nuclear envelope breakage, there is also the characteristic 
anaphase-specific poleward migration of the NPCs (Fig. 1.1.B). As re-localization of the 
NPCs occurs in anaphase B and is therefore concurrent with chromosome segregation, I 
imaged mitotic cells co-expressing histone H3 tagged with GFP (H3-GFP) and the core 
nucleoporin Nup85 tagged with mCherry (Nup85-mCherry). Interestingly, NPC movement 
during anaphase mirrored movement of the bulk of the chromatin (Fig. 5.1.A and Fig. 5.1.B). 
I observed that the NPCs started to migrate polewards in tandem with the segregating 
chromatids (Fig. 5.1.A). Visualizing chromosome ends through the telomere-binding protein 
Taz1 (Fig. 5.1.C), revealed the telomeres highlighted as bright Taz1-mCherry fluorescence 
foci aligned as two parallel lines perpendicular to the spindle and moved at the rear of the 
“sliding” NPCs (Fig. 5.1.B).Using H3-GFP, I observed that although most sister chromatids 
compacted and moved towards the opposite spindle poles soon after the onset of anaphase B, 
one pair of the chromosome arms lagged and segregated late in anaphase, following the NE 
rupture (Fig. 5.1.A, Fig. 5.1.B, Fig.5.1.C). A small cluster of the nuclear pores was also found 
in the proximity of the lagging telomeres (Fig. 5.1.D, indicated by arrows, 10 out of 10 cells). 
Similarly to the associated pair of telomeres, these NPCs persisted at the nuclear equator for 




Figure 5.1 The NPCs migrate polewards at late anaphase concurrent with the 
segregating chromatids 
(A) A time-lapse sequence of the wild type cell undergoing mitosis. The NPCs are marked by 
Nup85-mCherry and the chromatin is labelled by the histone H3-GFP. (B) A time-lapse 
sequence of histone H3-GFP-labeled chromosome dynamics during anaphase in S. japonicus. 
Note that one pair of chromosome arms segregates considerably later than the rest. (C) Taz1 
localizes to the chromosome ends in S. japonicus, as shown in this time-lapse sequence of 
mitosis in histone H3-GFP Taz1-mCherry expressing cells. The color composite is shown in 
the bottom panel. (D) A time-lapse sequence of the mitotic wild type cell where telomeres are 
labeled by Taz1-mCherry and the NPCs are labelled by Nup85-GFP. A cluster of the NPCs 
remaining in the proximity of the lagging telomeres is indicated by arrows. Time is in 



















5.2 Nhp6 preferentially binds the lagging pair of chromatin in mitotic S. japonicus cells  
In addition, the non-histone chromatin-binding high mobility group protein, Nhp6 that I 
previously mainly used as a general nucleoplasmic marker, exhibited a pronounced 
enrichment specifically at the distal regions of the lagging chromosome pair (Fig. 5.2 and 
Fig. 2.1.A). 
Figure 5.2 Nhp6 preferentially binds the lagging pair of chromatin in mitotic S. 
japonicus cells  
The high mobility group protein Nhp6 is enriched at the distal part of the late segregating 
chromatin strand, as shown in the time-lapse sequence of histone H3-GFP Nhp6-mCherry 












5.3 The rDNA arrays segregates concurrently with nucleolar disassembly 
Given the late timing of segregation of the lagging chromosomes pair which roughly 
corresponded to that of the mother nucleolus disassembly (Aoki et al., 2011) I hypothesized 
that the trailing chromatin strands could represent the ribosomal DNA (rDNA) arrays. To 
visualize the rDNA arrays positioning directly, I inserted a tandem array of 256 LacO 
operator sequences immediately proximal to the rDNA repeats at the short arm of 
chromosome III (Rhind  et al., 2011) and labeled these recombinant sites by co-expressing 
the LacO-interacting protein marker GFP-LacI (Straight et al., 1996). Confirming localization 
of Nhp6 to the rDNA arrays, the GFP-LacI foci separated at the onset of anaphase and 
localized at the boundary of the Nhp6-enriched chromatin domains, proximal to the spindle 
poles (Fig. 5.3.A). The rDNA arrays remained embedded in the nucleolus until late anaphase 
when they underwent a pronounced axial compaction, exiting a large nucleolar mass prior to 
its rapid dispersal (Fig. 5.3.B, 10 out 10 cells). I concluded that the Nhp6-enriched chromatin 
domain corresponded to the rDNA encoded on the short arm of chromosome III and that, 
similar to the rest of chromatin, a subtelomeric region of this arm excluded from the nucleolar 










Figure 5.3 The rDNA arrays segregates concurrently with nucleolar disassembly 
 (A) The Nhp6-labeled chromatin is the rDNA array at the short arm of chromosome III in S. 
japonicus. Note that the GFP-LacI dot that localizes to the polar edge of Nhp6-labeled 
chromatin marks the chromosomal location of 256 LacO repeats integrated immediately 
proximal to the rDNA repeats. (B) The late segregating chromatin strand is the short arm of 
chromosome III that carries the rDNA repeats, as shown by this time-lapse sequence of a 
wild type cell expressing the nucleolar marker Erb1-mCherry, the rDNA marker Nhp6-GFP 
and carrying a LacO array integrated at the site immediately proximal to the rDNA. The 
LacO integration site is visualized by GFP-LacI. Note the bright LacO-GFP-LacI dots at the 
edge of the Nhp6-GFP enriched chromatin strands. Both images were maximum projection 


















5.4 NPCs are associated with the anaphase chromatin and migrates together with 
chromatin towards cell ends 
To directly test the possibility that the NPCs closely associated with mitotic chromatin, I 
asked whether the nuclear pores would track individual anaphase chromosomes. The S. 
japonicus cells deficient for the spindle assembly checkpoint (in the mad2 genetic 
background) exhibited occasional chromosome loss or delay in chromosomal segregation 
when treated with low concentrations of the microtubule-depolymerizing drug Thiabendazole 
(TBZ) (Fig. 5.4.A and Fig. 5.4.B). The chromosomes left behind the main chromatin masses 
were always closely associated with the NPCs marked by Nup85-mCherry (see left panels of 
Fig. 5.4.A and Fig. 5.4.B for magnified views, 12 out of 12 cells). I also observed the inner 
nuclear membrane (INM) protein Man1-mCherry and the endoplasmic reticulum (ER) 
marker Tts1-mCherry in close proximity to lagging chromosomes, confirming that the 
assembled NPCs rather that the individual nucleoporins associated with chromatin (Fig. 
5.4.C, n=6 cells; Fig. 5.4.D, n=6 cells). Thus, the nuclear pores appear to interact with the 
anaphase chromatin in dividing S. japonicus cells, which could account for the poleward 





Figure 5.4 NPCs are associated with the anaphase chromatin and migrates together 
with chromatin towards cell ends 
(A) A time-lapse sequence of the mitotic mad2 cell treated with low doses of the 
microtubule-depolymerizing drug TBZ and expressing H3-GFP to mark chromosomes and 
Nup85-mCherry to mark the NPCs. Note that the lost chromosome is surrounded by the 
NPCs. Magnified images of the lost chromosome surrounded by the Nup85-mCherry-labeled 
NPCs at time-point 6 min 25s are shown in the right panels. (B) Another example of a time-
lapse sequence of the mitotic mad2 S. japonicus cell treated with low doses of the 
microtubule-depolymerizing drug TBZ and expressing H3-GFP to mark chromosomes and 
Nup85-mCherry to mark the NPCs. A chromosome indicated by an arrow is temporarily lost 
but later is captured and segregated by the spindle microtubules. Note a pool of the NPCs 
associated with this chromosome at time point 2’. The elapsed time is shown in minutes and 
seconds. Magnified images of the delayed chromosome surrounded by the Nup85-mCherry-
labeled NPCs at time-point 2min are shown in the right panels. Scale bars for close-up 
images found in right panels of (A and B) represent 2.5m. (C) A mitotic mad2D H3-GFP 
Man1-mCherry cell where chromosome loss during anaphase was induced by treatment with 
low doses of the microtubule-depolymerizing drug TBZ. Note a pool of Man1-mCherry 
associated with the lagging chromosome. (D) Similarly to (C), the ER marker Tts1-mCherry 
is found around the lagging chromosome in TBZ-treated mad2D H3-GFP expressing cell. (C 
and D) For all panels, shown are the maximum z-projection images of spinning disk confocal 
stacks. Time indicated is in minutes and seconds. For all images except the closed-up images 










6. The LEM domain protein Man1 is responsible for chromatin-NPC association 
in anaphase S. japonicus cells.  
6.1 The conserved  INM protein Man1 localizes to the NPCs in S. japonicus cells 
throughout the cell cycle.  
I wondered what were the potential molecular players involved in this chromatin-nuclear pore 
association. It is well established that the LEM domain proteins function in organizing the 
chromatin at the inner nuclear membrane (INM) in higher eukaryotes and recently, in S. 
pombe (Brachner et al., 2011, Gonzalez et al., 2012)and I wondered if they could mediate the 
NPC attachment to mitotic chromatin. The S. japonicus genome encodes two LEM domain 
proteins, Lem2 (SJAG_01745) and Man1 (SJAG_03449). I have previosly found that Lem2-
GFP was well distributed throughout the entire NE during mitosis (Fig. 1.2.A).  Furthermore, 
while the lack of Lem2 renders the NE abnormally fragile, it does not prevent the NPC 
sliding in anaphase (Fig. 3.2.A). On the contrary, the GFP-tagged Man1 was enriched at the 
NPCs and displayed the “sliding” dynamics during anaphase (Fig. 6.1.A), co-localizing with 
the nuclear pores (Fig. 6.1.B). Man1 in S. japonicus was not essential, although the man1Δ 
cells showed a noticeable growth defect (at the normal growth temperature of 30
o
C, the 
doubling times were 130 minutes for man1Δ vs 108 minutes for the wild type; n=3, 




Figure 6.1 The conserved INM protein Man1 localizes to the NPCs in S. japonicus cells 
throughout the cell cycle.  
(A) Man1 exhibits a “sliding” behaviour in anaphase, similar to bona fide NPC subunits, as 
shown in this time-lapse sequence of a mitotic cell expressing GFP-Man1. (B) GFP-Man1 
colocalizes with Nup85-mCherry labelled nuclear pores during mitosis in S. japonicus. Note 
that both markers clear the nuclear equator as anaphase progresses, as shown in this time-
lapse sequence. The colour composite is also shown (bottom panel). The elapsed time is 







6.2 Depletion of Man1 leads to abolishment of NPC “sliding” during anaphase in S. 
japonicus 
Intriguingly, the anaphase poleward movement of the nuclear pores was completely abolished 
in cells lacking Man1 (Fig. 6.2.A, 49 out of 49 cells). The NPCs in man1Δ cells remained 
evenly distributed around the NE prior to its breakage. When the NE ruptured, many NPCs 
failed to incorporate into the daughter nuclei but instead formed irregular clusters between 
the segregated chromosomes and were eventually cleared from the medial cell plane (Fig. 
6.2.A, upper panel, 40 out of 49 cells). In some cases, the mother nucleus divided into two 
unequally sized daughters without leaving membrane material in between (Fig. 6.2.A, lower 
panel, 9 out of 49 cells). Kymograph of a dividing nucleus from a wild type cell clearly 
shows most NPCs redistributing polewards for efficient incorporation into the daughter 
nuclei while in man1Δ cells, a significant proportion of the NPCs remain in the cellular 
middle (Fig. 6.2.B, left panel for wild type cell and right panel for man1Δ cell). 
Photoactivating Dendra-Nup189 in dividing man1Δ cells confirms the presence of a large 
fraction of the NPCs remaining at the nuclear equator (Fig. 6.2.C n=10cells). However, the 
mitotic spindle dynamics including anaphase kinetochore segregation remained unchanged 











Figure 6.2 Depletion of Man1 leads abolishment of NPC “sliding” during anaphase in S. 
japonicus  
(A) Maximum projection of  time-lapse sequences showing the NPCs visualized by Nup85-
GFP do not clear the nuclear equator and remain well distributed around the NE in cells 
lacking Man1. Approximately 18% nuclei (n=49 cells) divide into two parts (bottom panel). 
(B) Kymographs showing NPC dynamics in dividing wild type (related to Fig. 5.1.A) and 
man1Δ cells (related to Fig.6.2.A upper panel) cells. NPCs are labelled by Nup85-GFP. Note 
that in the wild type cells the NPCs redistribute polewards in the mother nucleus. In man1Δ 
cells, the NPCs do not exhibit poleward movement and many of them are not incorporated in 
the daughter nuclei. (C) Sequence of scanning confocal images showing a mitotic man1Δ 
tagged with Nup189-Dendra, before and after photoconversion. Note a large fraction of the 
photoconverted Nup189-Dendra (area of photoconversion as shown within the dotted outline) 
remaining behind as the daughter nuclei are formed. (D) A time-lapse sequence of mitosis in 
Mis6-GFP Nhp6-mCherry labeled man1cells shows that lack of Man1 does not have 
deleterious effects on kinetochores segregation. Mis6 is used here as the kinetochore marker 
which shows kinetochores bound to opposites spindle poles by early anaphase. (E) The 
mitotic spindle dynamics and timing of the NE breakage are comparable in wild type (top) 
and man1(bottom) cells, as shown by these time-lapse sequences of GFP-Atb2 and Nhp6-










6.3 Chromatin association with the nuclear membrane-bound NPCs is lost during 
anaphase in man1 cells in S. japonicus  
I wondered about chromatin organization in mitotic man1 cells, particularly at the nuclear 
periphery since in man1 cells, the NPCs no longer relocalize to the nuclear ends during late 
anaphase.Using H3-GFP as a marker for chromatin, I clearly observed varying degrees of 
chromatin displacement from the nuclear periphery in cells lacking Man1 (Fig. 6.3.A, 
n=10cells). I further investigated the chromatin dynamics between wild type and man1 by 
comparing the spatial distribution of Taz1-marked telomeres within the nucleus in wild type 
and man1 cells, using GFP-Atb2 to visualize spindle formation as an indicator of mitotic 
progression. Cells were also tagged with Nup189-GFP to mark the NPCs. In the wild type, 
telomeres formed  two (or  rarely, three) clusters that associated with the NE until metaphase, 
when they dissociated from the nuclear periphery and the Taz1-mCherry signal dispersed into 
individual foci each representing a chromosome arm (Fig. 6.3.B, 8 out of 8 cells). However, 
telomeres relocated to the NE at the anaphase B onset, aligning themselves in 2 parallel rows 
and moving polewards at the rear of the receding NPCs. Upon formation of the daughter 
nuclei and exit from mitosis, telomeres re-clustered at the NE, yet again forming two or three 
foci (Fig. 6.3.B, 8 out of 8 cells). Interestingly, while the telomeres were properly clustered 
and positioned at the NE in interphase man1Δ cells, both before and after mitosis (Fig. 6.3.C, 
20 out of 20 cells), they did not re-associate with the NE in anaphase. Instead, they appeared 
randomly distributed within the interior of the elongating nucleus (Fig. 6.3.C, 20 out 20 
cells). This conclusion was confirmed by confocal z-sectioning showing that telomeres 
marked by Taz1-mCherry were found in close association with the NPCs in anaphase wild 
type but not man1Δ cells (Fig. 6.3.D). To quantitate the observation that chromatin is not 
associated with the NPC in man1 cells as compared to wild type, I compared the distances 
between the telomeres, marked by Taz1-mCherry and the NE, marked by Nup85-GFP in both 
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wild type and man1cells. While in wild type cells, telomeres are largely localized at the 
nuclear rim, a large portion of the telomeres in man1are found within the nuclear interior 
and away from the nuclear periphery (Fig. 6.3.E). Visualizing Taz1-mCherry marks the ends 
of the chromosomes as bright foci, allowing clear measurements to be made on the distance 
between the foci and the NE. Together with the z-sections of man1anaphase nuclei 
showing entire strands of chromatin displaced from the nuclear periphery, it is clear that 
chromatin is not associated with the NE in man1, contrary to wild type cells. In addition, 
unlike in the wild type, chromosomes lost from the mitotic spindle by treatment of man1Δ 
cells with low doses of microtubule depolymerizing drug TBZ were not tightly associated 
with the NPCs, suggesting that the mitotic chromatin-NPC association was largely abrogated 
in this genetic background (Fig. 6.3.F, blow-up image on right panel, compare to Fig. 5.4.A-
B; chromatin clearly did not associate with the NPCs in 10 out of 12 cells).  
Figure 6.3 Chromatin association with the nuclear membrane-bound NPCs is lost 
during anaphase in man1cells in S. japonicus.  
 (A) Longitudinal medial sections of the nuclei of wild type and man1cells expressing H3-
GFP and Nup85-mCherry, obtained by scanning confocal sectioning and image 
deconvolution. Included are two examples for man1genetic background. (B-C) Time-lapse 
sequences of the wild type (B) and man1 (C) cells undergoing mitosis. Telomeres are 
labeled by Taz1-mCherry and the NPCs are marked by Nup189-GFP. Microtubules labelled 
by GFP-Atb2 indicate the mitotic progression. Note that the defect in chromatin-NE 
association in man1cells is specific to anaphase B. (D) The telomeres labelled by Taz1-
mCherry localize at the nuclear periphery labelled by Nup189-GFP during anaphase B in 
wild type (left panel) but not man1Δ (right panel) cells. Shown are the scanning confocal 
micrographs. The dotted line indicates the plane of reconstruction. Scale bars, 1 μm. (E) The 
telomeres labelled by Taz1-mCherry do not preferentially localize to the nuclear periphery in 
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man1cells, as shown in this colour-composite time-lapse sequence of a mitotic cell where 
the nuclear rim is labelled by Nup85-GFP (left panel). Histogram showing distribution of 
distances between the telomeres and the nuclear periphery in wild type (grey) and 
man1blue) cells. Green colour represents overlap between the two distributions. The 
distributions are significantly different (p=1.03e-05, two-sample Kolmogorov-Smirnov test).  
FA time-lapse sequence of the mitotic man1mad2cell treated with 25M TBZ and 
expressing H3-GFP to mark chromosomes and Nup85-mCherry to mark the NPCs (left 
panel). Note that the lost chromosomes are not closely associated with the NPCs. The right 
panel shows the magnified images of chromosomes, outlined in white, as visualized by H3-
GFP and the nuclear pores visualized by Nup85-mCherry at the time point 5’30” (indicated 
by asterisk). Scale bars of close-up images, 2.5 m. Note that Nup85-mCherry is not closely 
associated with the lagging chromosomes. Elasped time is shown in minutes and seconds. 






6.4 Deletion of either N-terminal or C-terminal domains of Man1 results in a complete 
lack of NPC sliding  
Primary structure analyses of Man1 ORF revealed that Man1 contained an N-terminally 
located Helix-Extension-Helix (HEH) fold that is thought to be capable of directly binding to 
the DNA (Brachner et al.,  2011, Gonzalez et al., 2012), and two membrane-spanning 
stretches separated by the evolutionary conserved Man1-Src1p-C-terminal (MSC) domain 
(Fig. 6.4.A; Pfam Number: PF09402 and (Brachner et al., 2011)). The Man1-Src1-C-terminal 
(MSC) domain was identified by the Koonin group through comparative sequence analysis 
where the C-terminal domain, predicted to be three conserved helices followed by two 
downstream strands was identified in Man1 and its homologues in a variety of organisms, 
such as Src1 in budding yeast and Man1 in S. japonicus (Fig. 6.4.A). The secondary structure 
of the MSC domain has been proposed to be comparable to the DNA-binding winged helix-
turn-helix (HTH) fold, a common domain of bacterial and archaeal transcription regulators. 
Shown to be able to bind to DNA directly, the MSC domain of Man1 has also been reported 
to bind to R-Smads, a group of transcriptional regulators. Mutations in Man1 disrupt the 
interactions between Man1 and the Smads, affect the Transforming Growth Factor β 
signalling pathway causing the skin disorder, Sclerosing Bone Dysplasias (Mans et al., 2004, 
Caputo et al., 2006 and Gonzalez et al., 2012).  
The presence of the MSC domain in Man1 strongly implies a binding ability of Man1 to 
DNA. Furthermore, the potential to bind directly with both DNA and transcriptional 
regulators suggest a role for Man1 to act as a scaffold to facilitate DNA-protein interactions. 
In addition, the presence of the transmembrane domains within the MSC domain in Man1 
shows Man1 to be a transmembrane protein, likely at the nuclear periphery.  
I found that removal of the HEH domain alone was sufficient to phenocopy the complete 
man1 deletion. While GFP-Man1HEH expressed as a sole source of Man1 protein, localized 
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similarly to the wild type GFP-tagged Man1, the nuclear pores did not exhibit any net 
movement to the poles of the dividing nucleus (Fig. 6.4.B and Fig. 6.4.C, 14 out of 14 cells). 
Notably, the C-terminally truncated version of Man1 protein that contained the HEH-fold but 
lacked the other readily identifiable motifs (Fig. 6.4.D) was localized to the non-nucleolar 
domain of the nucleus in interphase and was enriched at the compacting chromosomes in 
mitosis (Fig. 6.4.D and Fig. 6.4.E, 26 out of 26 cells; see also Fig. 6.4.F). The anaphase 
movement of the NPCs was also fully abolished in this genetic background (Fig. 6.4.D, 26 
out of 26 cells). 
Figure 6.4 Deletion of either N-terminal or C-terminal domains of Man1 results in a 
complete lack of NPC sliding  
 (A) A scheme indicating predicted domains within Man1 and the design of mutant versions 
of this protein. (B) Time-lapse sequences of mitotic cells expressing GFP-tagged Man1HEH 
mutant as a sole source of Man1 protein. The NPCs are marked by Nup85-mCherry (in red). 
Note that similarly to man1 cells, the NPCs are not cleared from the nuclear equator. 21% 
mother nuclei divide into unequally sized two daughters (bottom panel). (C) Colour-
composite time-lapse images of man1GFP-Man1HEH Nup85-mCherry cells shown in 
Fig. 6.4.B. (D) A time-lapse sequence of a mitotic cell expressing GFP-tagged Man1(1-488) 
mutant as a sole source of Man1 protein. The NPCs are marked by Nup85-mCherry (in red). 
Note that the GFP-Man1(1-488) is enriched at the chromatin and that, similarly to man1 
cells, the NPCs are not moving towards the poles of the dividing nucleus in this genetic 
background. Shown are the maximum z-projection images of spinning disk confocal stacks. 
The elapsed time is in minutes and seconds. Scale bars, 5m. (E) Colour-composite time-
lapse images of a man1GFP-Man1(1-488) Nup85-mCherry cell shown in Fig. 6.4.D. (F) 
Maximum z-projection images of spinning disk confocal stack of live man1GFP-Man1(1-
488) Erb1-mCherry cells shows that the C-terminally truncated Man1 is largely excluded 
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from the nucleolus during interphase (a left cell) and localizes to chromosomes during 
mitosis (a right cell). Shown are individual GFP and mCherry channels, together with a 
colour composite image. Shown are the maximum z-projection images of spinning disk 






6.5 pom152mutant cells exhibit a similar defect in chromatin-NPC association and 
NPCs “sliding” 
I did not observe unambiguous defects in chromatin-NPC association in sir2 mitotic 
cells.[Fig. 6.5.A and left panel, (Moazed et al., 2010)], a known chromatin-associated 
interactor of Man1. Poleward relocalization of NPCs was also largely undisturbed in sir2 
mutant cells. In S.cerevisiae, Man1 orthologue, Heh1/Src1, was proposed to interact with the 
membrane nucleoporin Pom152. I found that not only pom152Δ cells exhibited the defect in 
anaphase NPC movement but they were also deficient in mitotic chromatin-NPC association 
(Fig. 6.5.B and left panel). However, the phenotype was not as severe as man1 mutant cells. 
I concluded that the LEM domain protein Man1 promoted recruitment of chromosomes to the 
NE during mitosis, possibly through directly linking the NPCs with chromatin. 
Figure 6.5 pom152mutant cells exhibit a similar defect in chromatin-NPC association 
and NPCs “sliding” 
(A) Maximum projection of time-lapse sequences of sir2 mitotic cells expressing Nup85-
GFP and Taz1-mCherry. Chromatin is efficiently attached to the nuclear periphery during 
anaphase and NPCs migration polewards. To the right of the image is an orthogonal section 
of a scanning confocal image of an anaphase sir2 cell (a maximum projection of cell from 
the scanning confocal image is seen above the orthogonal view). Note that Taz1-mcherry co-
localizes with Nup85-GFP at the nuclear rim. (B) Maximum projections of time-lapse 
sequences of pom152 mitotic cells expressing Nup85-GFP and Taz1-mCherry. As 
visualized by Taz1-mCherry, a portion of chromatin is unattached to the nuclear periphery 
and the poleward migration of NPCs is defective. To the right of the image is an orthogonal 
section of a scanning confocal image of an anaphase pom152 cell (maximum projection of 
cell from the scanning confocal image is seen above the orthogonal view). Note that a portion 
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of Taz1-mcherry foci is found away from Nup85-GFP which is located at the nuclear rim.  
Dotted lines on the maximum projection scanning confocal images in both cells show where 
the orthogonal section is taken. Time is in minutes and seconds. Scale bars, 2.5 μm for 














7 The daughter nuclei are not born equal in S. japonicus cells lacking Man1.  
7.1 NPCs are not efficiently inherited in daughter nuclei in man1 cells and they are in 
varied sizes 
In the absence of the NPC-chromatin interaction during mitosis, a large fraction of the 
nuclear pores were excluded from the daughter nuclei following the breakdown of the mother 
nucleus (Fig. 6.2.A). Since the NPCs co-segregate with chromosomes (Fig. 5.2.A) and the 
nuclear membrane area remains constant throughout mitosis in wild-type S. japonicus cells, 
the mean NPC density in the NE does not significantly change following formation of two 
daughter nuclei (Fig. 7.1.A; y-axis; note that the daughter-to-mother NPC density ratios for 
wild type cells cluster around 1; Fig. 7.1.B; see also (Aoki et al., 2011)). Conversely, I 
observed a considerable decrease in the NPC inheritance by the daughter nuclei in the man1Δ 
genetic background, with the mean NPC daughter-to-mother ratio reduced to ~0.6 (Fig. 7.1.A 
and 7.1.B, p=1.13303e-17, two-tailed t-test assuming unequal variance). 
In wild type S. japonicus cells, the surface area of each of the daughter nuclei is 
approximately half of that of the mother (Fig. 7.1.A, x-axis, note that the values for daughter-
to-mother nuclear surface area ratio center close to 0.5). Strikingly, while the combined 
membrane area of the daughter nuclei did not differ significantly from that of the mother 
(89.4%±13.5 in man1Δ vs 95.1%±11 in wild type cells, n=30, p=0.0738, two-tailed test 
assuming unequal variance), the daughter nuclei were often unequally sized in man1Δ cells, 
with a broad distribution of individual daughter-to mother nuclear surface area ratio values 




Figure 7.1 NPCs are not efficiently inherited in daughter nuclei in man1 cells and they 
are in varied sizes 
(A) A graph summarizing the nuclear membrane surface area (x-axis) and NPC inheritance 
(y-axis) in daughter nuclei in relation to the mother nucleus in wild type (blue dots) and 
man1 (red dots) cells. Data are obtained from 30 mother nuclei dividing into 60 daughters. 
Average fluorescence intensity of Nup85-GFP is used as proxy for NPC density. Note that 
the wild type data points are clustered at the intersection of the two dotted lines indicating 
that most of the mother NPCs are divided equally between the daughter nuclei and that the 
surface area of most daughter nuclei is approximately half of that of the mother. The 
man1cells exhibit defects in NPC recovery in daughter nuclei and irregular nuclear sizes 
upon division. Insets, the representative images of dividing nuclei labelled by Nup85-GFP in 
wild type and man1 cells. (B) Boxplot showing differences in NPC recovery in daughter 
nuclei in wild-type (blue) and man1(red) cells. (C) An empirical cumulative distribution 
function (ecdf) plot of surface area differences within pairs of daughter nuclei in wild-type 
(blue) and man1(red) cells. Note that lack of Man1 leads to dramatically elevated incidence 















7.2 The NE breaks randomly along the length of the nucleus forming daughter nuclei of 
varying sizes in man1cells  
To investigate this phenomenon further, I visualized the overall mitotic NE dynamics in wild 
type and man1Δ cells using the artificial luminal ER marker, GFP-AHDL. As shown earlier, 
the anaphase NE rupture in wild type cells occurred close to the nuclear equator, prompting 
the equal distribution of the nuclear membrane between the forming daughter nuclei (Fig. 
7.2.A, upper panel; 12 out of 14 cells). On the contrary, the NE break sites were not restricted 
to the nuclear equator in man1Δ cells (Fig. 2.A, lower panel; 11 out of 17 cells broke the NE 
in a clearly asymmetric manner). The off-center breakage resulted in the formation of the 
unequally sized daughter nuclei with the incipient nuclear sizes correlating to the breakage 
position. The man1Δ cells that underwent a NE rupture close to nuclear equator formed the 
daughter nuclei of equal sizes (data not shown). Interestingly, the NE breakage site in wild 
type cells often coincided with the position of the Taz1-GFP foci representing two sister 
telomeres distal to the late segregating rDNA arrays (Fig. 7.2.B, upper panel; 9 out of 11 
cells). In man1Δ cells, these chromosome ends were detached from the NE in anaphase and 
therefore were not associated with the NE breaks that now occurred at random positions (Fig. 
7.2.B, lower panel; NE rupture occurred clearly away from telomeres in 13 out of 17 cells). 
Of note, the timing of NE breakdown did not differ between wild type and man1Δ cells (Fig. 
6.2.B-C and data not shown) thus suggesting that the NE was generally destabilized in 
anaphase and that the trailing chromatin-NPC attachment sites could be only used to position 
the NE break points. Moreover, the NE opening temporally coincided with initiation of 
anaphase rDNA compaction manifested by axial shortening of the segregating chromatin 
strands. It is therefore possible that the pull exerted by the last pair of segregating chromatids 
could aid the initial breaching of the nuclear membrane in the vicinity of the attached 
chromosome ends. The initial breakpoint would then expand catastrophically under the force 
99 
 
produced by the elongating mitotic spindle. 
Figure 7.2 The NE breaks randomly along the length of the nucleus forming daughter 
nuclei of varying sizes in man1cells  
(A) Time-lapse sequences of GFP-AHDL dynamics in mitotic wild type (top) and man1 
(bottom) cells show that the NE breaks in the vicinity of the equator in the wild type but often 
ruptures off-center in cells lacking Man1. (B) Color-composite time-lapse sequences of Taz1-
GFP mCherry-AHDL expressing wild type (top) and man1 (bottom) cells indicate that in 
the wild type, the last pair of telomeres is associated with location of the NE break in 
anaphase. This association is not detected in cells lacking Man1. Shown are the single plane 
















8. Cells lacking Man1 exhibit defects in nucleolar disassembly during mitosis.  
8.1 The nucleolus is unequally proportioned in the daughter nuclei and the rDNA 
arrays show improper structuring in man1 cells 
I have shown above that unlike in its relative S. pombe and many other organisms with closed 
mitosis (Zhang et al., 2012) which divides its nucleolus into two equal portions, the nucleolus 
in wild type S. japonicus cells largely disperses during late anaphase, upon NE breakage (Fig. 
5.3.B) with some nucleolar material co-segregating with the rDNA arrays. The daughter 
nucleoli are assembled following the dispersal of the mother nucleolar mass that remains at 
the center of the division plane after compaction of the rDNA arrays (Fig. 5.3.B). Curiously, 
the nucleolus often failed to disassemble fully in man1Δ cells with one of the daughter nuclei 
inheriting more nucleolar material than the other (Fig. 8.1.A; 32 out of 64 cells). In many 
cases virtually an entire mother nucleolus partitioned into one of the daughter nuclei (Fig. 
8.1.B; 14 out of 64 cells). To further analyze nucleolar dispersal without the complications of 
the extending spindle and segregating chromatin, I treated mad2Δ and man1Δmad2Δ cells 
with TBZ and drove them through mitosis without a functional spindle (Fig. 8.1.C, upper and 
lower panel respectively). Both strains expressed the nucleolar marker Erb1-mCherry and the 
artificial ER marker GFP-AHDL. In both cases, the NE became destabilized and “crumpled” 
during mitosis reforming as several micronuclei upon mitotic exit. However, unlike in mad2Δ 
cells where the Erb1-mCherry largely redistributed throughout the cellular volume during NE 
collapse (8 out of 11 cells showed complete dispersal with the remaining 3 cells showing 
partial dispersal), many man1Δmad2Δ cells did not exhibit dispersal of the nucleolar material 
(I did not observe any dispersal in 8 out of 20 cells and only a partial dispersal in the 
remaining 12 cells). Instead, the Erb1-mCherry signal in man1Δmad2Δ cells compacted into 
a bright persistent spot (Fig. 8.1.C, lower panel), suggesting that a proportion of man1Δ cells 
were unable to fully disperse the nucleolus. I further looked into the dynamics of nucleolar 
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dispersal by observing both the segregation of the rDNA arrays and nucleolus.  In wild-type 
cells, both rDNA-containing sister chromatids underwent coordinated axial compaction and 
exited the nucleolar mass simultaneously (Fig. 8.1.D, upper panel, 22 out of 24 cells; see also 
Fig. 5.3.B). In man1Δ cells, however, one of the rDNA-containing chromatids often remained 
less compacted (Fig. 8.1.D, lower panel; 11 out of 26 cells). In such cases, the mother 
nucleolus failed to disperse; instead it was pulled together with the associated rDNA array 
into one of the daughter nuclei (Fig. 8.1.D, lower panel). I have occasionally observed a mild 
deficiency in timing of anaphase compaction of other chromosome arms in man1Δ genetic 
background (Fig. 8.1.E, 9 out of 21 man1Δ cells displayed the phenotype, as compared to 3 
out of 34 wild type cells), although this phenotype was less striking than in the case of the 




Figure 8.1The nucleolus is unequally proportioned in the daughter nuclei and the 
rDNA arrays show improper structuring in man1cells 
(A) The mother nucleolus often does not disperse fully in cells lacking Man1, as shown by 
the time-lapse dynamics of the nucleolar marker Erb1-mCherry. Note that a substantial 
nucleolar mass segregates into one of the daughter nuclei without disassembling. (B) The 
mother nucleolar mass often segregates into one of the daughter nuclei in man1 genetic 
background, as shown by the time-lapse dynamics of the nucleolar marker Erb1-GFP and the 
NPC protein Nup189-mCherry. (C) Time-lapse sequences of mad2Δ (top panel) and man1Δ 
mad2Δ (bottom panel) cells undergoing mitosis without the mitotic spindle (in the presence 
of the microtubule-depolymerizing drug TBZ). GFP-AHDL marks the entire ER including 
the NE and Erb1-mCherry marks the nucleolus. Note that the nucleolar protein disperses 
throughout the cellular volume when the nuclear membrane breaks down in wild type cells 
but remains associated with the nuclear remnants in man1Δ cells. Shown are the color 
composite images. (D) Time-lapse sequences of wild type (top panel) and man1(bottom 
panel) mitotic cells co-expressing histone H3-GFP and the nucleolar marker Erb1-mCherry. 
The color composite images are shown at the bottom of each panel. Note that the abnormally 
segregating nucleolar mass in man1cells is associated with a poorly compacted chromatin 
strand. (E) Time-lapse sequence of mitotic chromosome dynamics in wild type (top) and 
man1Δ (bottom) S. japonicus cells. The chromatin is labelled by histone H3-GFP while the 
telomeres are marked by Taz1-mCherry. Note a mild defect in anaphase compaction of 
chromosome arms in man1Δ genetic background. Shown are the colour composite images. 














8.2 man1 mutant cells lacking either N- or C-terminal domains phenocopies the 
nucleolar disassembly defect of man1cells  
Replacement of the wild type Man1 with either HEH-fold-deficient protein or the C-
terminally truncated version lacking the transmembrane anchors (Fig. 6.4.A) fully 
phenocopied the deletion of man1 with respect to nucleolar behavior (Fig. 8.2.A, Fig. 8.2.B; 
see Fig. 8.2.C-D for individual channels). Since the nucleolus is thought to disperse in mitosis 
due to the shutdown of rDNA transcription, our results suggested that Man1 could regulate 
nucleolar disassembly possibly through controlling the compaction of the rDNA arrays either 
directly or indirectly, by promoting association of mitotic chromatin with the nuclear pores.  
Figure 8.2 man1 mutant cells lacking either N- or C-terminal domains phenocopies the 
nucleolar disassembly defect of man1 cells  
(A) A colour-composite time-lapse sequence of a mitotic cell expressing GFP-tagged 
Man1HEH mutant as a sole source of Man1 protein. The nucleolus is marked by Erb1-
mCherry (in red). A large nucleolar mass was inherited by one of the daughter nuclei in 11 
out of 18 cells (as in an example shown), while the nucleolus did not noticeably disassemble 
in 3 out of 18 cells. (B) A time-lapse sequence of a mitotic cell expressing GFP-tagged 
Man1(1-488) mutant as a sole source of Man1 protein. The nucleolus is marked by Erb1-
mCherry (in red). Similarly, in 10 out of 18 cells one of the daughter nuclei inherited a larger 
portion of the nucleolar material (shown) while the nucleolus failed to disassemble and was 
inherited by one of the daughter nuclei in 4 out of 18 cells. (C) Individual GFP and mCherry 
channels of the time-lapse sequence of man1GFP-Man1HEH Erb1-mCherry cell 
presented in Fig. 4C. (D) Individual GFP and mCherry channels of the time-lapse sequence 
of man1GFP-Man1(1-488) Erb1-mCherry cell presented in Fig. 4D. Shown are maximum 
z-projection images of spinning disk confocal stacks (A and C) and the single plane spinning 
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9. Re-association of chromatin with the nuclear periphery in man1 cells restores 
efficient inheritance of the NPCs, nucleolar remodelling and formation of equally 
sized daughter nuclei 
I wondered whether I could bypass at least some of the requirements for Man1 in regulating 
the NE and nucleolar dynamics during mitosis. As such, I constructed an artificial chromatin-
associated linker protein consisting of the HEH domain of Man1 fused to the GFP-binding 
protein derived from a llama heavy-chain antibody (Rothbauer et al., 2008) and mCherry. I 
postulate that introducing this construct in man1Δ cells coexpressing GFP -tagged 
nucleoporins can potentially drive recruitment of the chromatin to the nuclear periphery. 
When the HEH-GFP-binding-mCherry construct was coexpressed with GFP-tagged Nup189, 
an essential subunit of the Nup84 subcomplex implicated in tethering chromatin at the 
nuclear periphery (Wente et al., 1994 and Therizols et al., 2006), I observed anaphase 
poleward movement of the NPCs in the absence of Man1 function (Fig. 9.A;  n=10cells). In 
line with this, the NPC recovery in the daughter nuclei was significantly increased (Fig. 9.B; 
the mean NPC daughter-to-mother ratios were 73.8% ±18.4% versus 55.3% ±13.5% for the 
artificial tether and the man1Δ control cells respectively; p=9.22210-4, two-tailed t test 
assuming unequal variance). Intriguingly, while introduction of the artificial tether abolished 
the broad distribution in sizes of daughter nuclei observed in man1Δ cells, the daughters were 
on average smaller and incorporated less membrane material than the wild-type (Fig. 9.B; on 
average, the daughter nucleus inherited only 33.2% ± 10.5% of the mother nuclear 
membrane). This suggested a potential for regulation of membrane partitioning that was not 
fully recapitulated in our artificial system. I next wondered about nucleolar dynamics in this 
situation where perinuclear chromatin organization is re-established in a man1Δbackground. 
Interestingly, artificial tethering of mitotic chromatin to Nup189 also largely rescued 
abnormal nucleolar remodelling observed in man1Δ cells, with the mother nucleolus 
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dissembling in late anaphase (Fig. 8.3.C; 15 out of 22 cells exhibited a fully wild-type-like 
nucleolar remodelling).  
Figure 9 Association of chromatin with the nuclear periphery during anaphase may 
promote efficient inheritance of the NPCs, nucleolar remodeling and formation of 
equally sized daughter nuclei 
(A) Tethering of chromatin to the nuclear pores by coexpressing the GFP-binding linker 
construct [Man1(1-488)-GFPbinding-mCherry] and Nup189-GFP in man1cells is capable 
of rescuing poleward redistribution of the NPCs during anaphase. The last panel shows the 
color-composite images for the time-lapse sequence. (B) Graph summarizing the nuclear 
membrane surface area (x axis) and NPC inheritance (y axis) in daughter nuclei in relation to 
the mother nucleus in Nup189-GFP man1(blue dots) and Nup189-GFP man1cells 
coexpressing the GFP-binding chromatin linker construct (red dots). Data were obtained from 
ten mother nuclei. Insets: representative images of dividing nuclei labelled by Nup189-GFP. 
(C) Time-lapse sequence of the nucleolar marker Erb1-mCherry in the Nup189-GFP 
man1mitotic cell coexpressing the GFP-binding chromatin linker construc. The bottom 
panel displays the color-composite images for the time-lapse sequence. For (A), (insets in B) 













Chapter 4 Discussion  
Divergence in the mitotic nuclear membrane management in the two fission 
yeasts species 
My results suggest that the basic cytology of mitosis differs dramatically between the two 
fission yeast species, S. japonicus and S. pombe (See behind. Fig. 10). S. japonicus undergoes 
a curious form of semi-open mitosis where the NE breaks apart through a single expanding 
tear during late anaphase B (Fig. 2.2.A). The unraveled NE is rapidly resolved into the two 
daughter nuclei, enclosing the segregated chromosomes (Fig. 2.2.A and Fig. 5.1.A). On the 
other hand, S. pombe undergoes an archetypal “closed” nuclear division, in which the mitotic 
nucleus divides through a dumbbell-shaped intermediate and the nuclear volume is 
maintained throughout the mitotic process (Fig. 1.1.A). To allow division of the spherical 
nucleus into two parts while maintaining the constant volume, S. pombe increases its nuclear 
surface area by around 30% (Fig. 4.1.A and (Lim et al., 2007, Zheng et al., 2007). In S. 
japonicus, however, there is no influx of new membrane into the nuclear envelope during 
anaphase and therefore, the geometric constraints dictate that the nucleus must break to 
reform two daughter nuclei, reducing nuclear volume along the way. 
It is likely that both the increase in the NE surface area in S. pombe and the NE 
rupture in S. japonicus are the active mechanisms entrained into the logic of mitosis rather 
than the passive outcomes of spindle elongation. For instance, both species remodel their 
nuclear envelopes similarly in the presence or absence of the functional mitotic spindle 
(Compare Fig. 4.2B lower panel and Fig. 3.3). There are various ways in which the mitotic S. 
pombe cells could increase the NE surface area. Firstly, it has been proposed that during 
closed mitosis in budding yeast the ER may provide the additional membranes needed for NE 
expansion since the outer nuclear membrane is continuous with the ER (Hetzer et al., 2010, 
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Zhang et al., 2012). Moreover, it has been shown that in open mitosis, ER serves as a source 
of membranes that are recruited to the chromatin during telophase resulting in formation of 
the daughter nuclei (Anderson et al., 2008). In mitotically arrested S. cerevisiae cells the 
nuclear envelope domain overlying the nucleolus dramatically expands resulting in formation 
of flared nuclei where the surface area is not scaled with volume(Vjestica et al., 2012 , 
Arnone et al., 2013, Witkin et al., 2012). Indeed, it was shown that the newly synthesized 
membrane does not distribute through the entire endomembrane system but partitions 
preferentially to the NE (Witkin et al., 2012). This suggests that the mitotic machinery does 
not simply stimulate ER membrane production but also triggers remodelling of the ER to 
favour growth of the NE sheet-like membrane. In collaboration with Paul Nurse’s laboratory, 
my supervisor Snezhana Oliferenko have previously shown that the mitotic checkpoint-
deficient S. pombe cells that progress through mitosis without the mitotic spindle also exhibit 
massive massive NE expansion and remodelling, suggesting that this behaviour is not limited 
to mitotic delay but occurs during a normal mitotic progression (Castagnetti et al., 2010). 
It appears that the phospholipid biosynthesis is activated early in closed mitosis. It has 
been proposed that regulation of the activity of Lipin/Pah1, phosphatidate phosphatases could 
underlie this phenomenon. Pah1 is an evolutionary conserved enzyme that catalyzes synthesis 
of the diacylglycerol (DAG) from the phosphatidic acid (PA), promoting production of 
neutral storage lipids, triacylglycerols (TAG) (Carman et al., 2006). Since PA also serves as a 
rate-limiting precursor in the synthesis of structural phospholipids through the CDP-DAG 
pathway, inhibition of Pah1 activity results in enhanced phospholipid production. 
Interestingly, it has been observed that phosphorylation by the mitotic CDK1 kinase inhibits 
its activity (Choi et al., 2011). It is thus possible that by inhibiting Pah1 during mitosis, the 
lipid precursors are re-routed towards the membrane phospholipids pathway, producing a 
burst in membrane lipid biosynthesis. In that way, S.  japonicus may fail to expand its nuclear 
112 
 
surface area due to differential regulation of the membrane lipid biosynthesis at G2/M 
boundary. Alternatively, some different aspects of nuclear and/or ER architecture could 
prevent the mitotic flow of membrane from the ER. 
Initial studies suggest interesting possibilities with respect to lipid biosynthesis in S. 
japonicus. It has been proposed that the anaphase promoting complex (APC) phosphorylates 
and degrades the 3-oxoacyl-acyl carrier protein Oar2, an enzyme that promotes synthesis of 
long chain fatty acids, potentially resulting in a lack of membrane synthesis following 
anaphase onset. This study also suggested that excessive NE biosynthesis could affect cell 
cycle progression, although the reason for this phenomenon is presently unknown (Aoki et 
al., 2013). It will be interesting to understand and compare the modifications and activity 
levels of lipid biosynthesis related enzymes throughout the cell cycle in both S.  japonicus 
and S. pombe to see how lipid biosynthesis is regulated in different mitotic programs. 
The physiology of S. japonicus that maintains the constant nuclear surface area 
necessitates the release of compressive stress exerted on the spindle by the nuclear envelope 
during anaphase. Several lines of evidence suggest that the active cell cycle entrained 
mechanism functions to break the NE. When the nuclear membrane growth is restricted in S. 
pombe that does not permeabilize the NE, the nuclear envelope dramatically constrains the 
elongating anaphase spindle, causing the mid-zone collapse (Fig. 4.2.B). On the other hand, 
S. japonicus releases the spindle tension by engineering a membrane break at the nuclear 
equator (Fig. 2.2.A). What could promote the breakage? Firstly, the NE breakage occurs 
precisely in late anaphase B, is independent of the presence of the spindle, suggesting that 
this action is set under the control of mitotic progression. In open mitosis, the cyclin-
dependent kinase CDK1 is responsible for phosphorylating various nuclear factors such as 
lamins and nucleoporins and therefore promoting their disassembly (Guttinger et al., 2009). 
Temporally, the breakage of the nuclear envelope in S. japonicus co-incides with the decrease 
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of CDK activity and therefore, could be a consequence of dephosphorylating some currently 
unknown targets at the NE. Alternatively, other late acting mitotic kinases such as Aurora B 
could participate in the NE breakdown in this organism. An interesting question is what could 
be the targets of the mitotic signalling machinery at the nuclear envelope in S.  japonicus. 
Similar to rest of the yeasts, there are no nuclear lamins in S.  japonicus so the possibility of 
post-translational modifications on nuclear lamins during anaphase, weakening its structure 
does not exist. However, homologues of lamin-interacting proteins, Man1 and Lem2 are 
present in S.  japonicus. The human Man1 undergoes mitotic phosphorylation ([Hirano et al., 
2009] and discussed below). In addition, the LEM domain protein Lem2 appears to be an 
attractive candidate for this role. lem2 S. japonicus cells exhibit defective nuclear 
morphology and weakened nuclear structure, such that the nuclear membrane breaks 
prematurely when the spindle extends beyond the metaphase nuclear diameter and is 
therefore capable of producing considerable force on the NE (Fig. 3.2.B). I have also 
observed an occasional loss of nuclear integrity in interphase lem2 cells. Various 
nucleoporins including Nup146 and Nup98, orthologues of which function during partial 
NPC disassembly in A. nidulans remain associated with the NPCs in S. japonicus lem2 
cells, suggesting that the loss of nuclear compartmentalization is not due to NPC structure 
defects. In Xenopus cells, it has been found that the Lem2 orthologue is mitotically 
phosphorylated outside of its LEM domain, an event that disrupts its interaction with the 
chromatin binding protein BAF, effectively allowing loss of contact between the INM and 
chromatin (Bengtsson et al., 2006). It is possible that Lem2 may also be similarly modified 
during mitosis in S.  japonicus. It will be interesting to explore the modification patterns of 
the LEM domain proteins throughout the cell cycle in S.  japonicus and understand how they 
differ from the situation in the organisms with closed mitosis, in particular S.  pombe. 
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It is also possible that the ER shaping and ER fusion could be involved. The study of various 
cellular events which require extensive modelling and reshaping of the ER such as insertion 
of the NPCs or the SPBs into the NE may provide clues how the NE breakage could occur. 
For example, the BAR domain proteins and the ER tubulating proteins such as reticulons may 
be involved in inducing curvature at the membrane surfaces aiding the NE breakage.  
Anaphase-specific perinuclear attachment of chromatin during mitosis in S. 
japonicus 
I have uncovered a novel mechanism of perinuclear chromatin attachment to the NPCs during 
anaphase in S. japonicus and showed that is mediated largely by the conserved LEM domain 
protein, Man1.  
I have analysed the mitotic positioning of chromatin using various markers which strongly 
suggest the association of condensed chromatin with the nuclear periphery, specifically with 
the NPCs. In Fig. 6.3.A (right panel), at the late anaphase stage, the chromatin strands 
highlighted by H3-GFP is found aligned along the NPCs which are cleared from the nuclear 
equator and concentrated at the nuclear ends. The telomeric marker Taz1 is also used 
frequently throughout our studies to trace location of the chromosome arms, which allow us 
to visualize the ends of the chromosomes as Taz1 foci. During late anaphase, as seen from 
Fig. 6.3.B, telomeres relocate to the NE during late anaphase as two parallel lines along the 
rear of the receding NPCs. To further support our observation that chromatin is closely 
associated with the NPCs, in induced chromosome loss events during anaphase, I consistently 
observed that the chromosomes lost from the mitotic spindle were fully enveloped by the 
NPC-rich nuclear membrane (Fig.5.4). Quantification of the positioning of Taz1 foci in wild 
type cells show that they are significantly situated closer to the membrane-bound NPCs as 
compared to the Taz1 foci in man1 cells (Fig. 6.3.E). Next, through a series of experiments, 
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I confirmed that the anaphase chromatin association with NPCs is responsible for the 
poleward relocalization of the NPCs and that the membrane-bound LEM domain protein 
Man1, in S. japonicus actively promotes this association by linking both chromatin and NPCs 
together. Specifically, the phenotype of lack of anaphase poleward NPCs movement in 
man1 cells can be rescued by expressing an artificial linker protein consisting of the N-
terminal portion of Man1 which contains the LEM domain and the GFP-binding protein form 
a llama heavy-chain antibody.  When I expressed the truncated N-terminal portion of Man1 
as the sole copy of the Man1 protein in S. japonicus, it localizes to chromatin directly while a 
version of Man1 protein lacking the LEM domain remains NE-bound.  
Man1 is known to interact with the cohibin complex (Moazed et al., 2010) and the 
sirtuin deacetylase Sir2 (Moazed et al.,  2010). On the other hand, in S. cerevesiae the Man1 
orthologue was shown to interact with the transmembrane nucleoporin Pom152 (Yewdell et 
al.,  2011). However, none of the deletion of these genes mirrored completely the phenotypes 
of associated with Man1 deficiency. I observed complete detachment of chromatin from the 
nuclear envelope and abolishment of NPCs anaphase “sliding” only in man1 cells (Fig. 
6.2.A), while other mutations exhibited at best only a partial perinuclear chromatin 
dissociation and NPC “sliding” defects (Fig. 6.5). In my opinion, these results place Man1 
upstream of the other players and also suggests that it could interacts with several NPC 
proteins during anaphase. Recently, it was reported that mutations in the components of the 
anaphase promoting complex (APC) lead to somewhat similar nuclear dynamics related 
phenotypes including inefficient nucleolar dispersal, abolishment of NPCs sliding and the 
formation of unequally sized daughter nuclei (Aoki et al. 2013), suggesting that APC 
signalling could possibly regulate the Man1 function. Clearly, there are other nuclear factors 
performing similar roles in promoting attachment of chromatin to the nuclear periphery. I 
find that perinuclear chromatin attachment is not disturbed in interphase man1 cells. It will 
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be extremely interesting to find out how Man1 is activated to tether chromatin to the nuclear 
periphery during anaphase. Likely this involves cell-cycle dependent post-translational 
modifications. In human Man1, it was discovered that mitotic phosphorylation of Ser-402, a 
N-terminal residue outside of the LEM domain, disrupts the binding of the NE-bound Man1 
with BAF, a protein which localizes to chromatin. This promotes dissociation of chromatin 
from the NE, a necessary step during open mitosis in human cells (Hirano et al., 2009). It will 
be informative to see if this residue is conserved in the Man1 proteins in other systems and if 
it is also modified during mitosis. 
This study has also reveal Man1 to be able to bind to DNA directly. However, I do not know 
if Man1 binds to overall chromatin or if it recognizes certain sequences. It may also be 
possible that Man1 binds to certain components of chromatin, such as histones or the residues 
itself. It is well established that the Man1 orthologue in S. cerevisiae, Src1, binds to the 
repetitive regions such as the rDNA arrays and the subtelomeric regions (Grund et al., 2008). 
It is also proposed that recruitment of the repetitive DNA to the nuclear periphery appears to 
maintain its stability (Grund et al., 2008). Heh1 forms a so-called CLIP complex that together 
with the nucleolar RENT machinery consisting of both the cohibin and Sir2 silencing 
complexes, brings the rDNA to the nuclear periphery. Concentrating the rDNA arrays away 
from the nucleoplasm may reduce the opportunities for repeats to encounter the 
nucleoplasmic DNA recombination and repair factors and therefore avoid unnecessary 
homologous recombination events (Mekhail et al., 2008). Depletion of Src1 also results in 
gene expression changes, in particular for genes located at the subtelomeric regions. In S. 
japonicus, it is possible that Man1 may bind to more than just the subtelomeric and rDNA 
regions since scanning confocal images show entire length of condensed chromatin strands 
arranged in a longitudinal manner, just below the NE-bound NPCs. Future work can include 
doing chromatin immunoprecipitation experiments to check for signature DNA domains for 
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perinuclear NPC attachment by tagging various proteins such as Pom152 or Man1, much like 
the lamina-associated domains in the DNA of higher eukaryotes which associate with the 
nuclear periphery during interphase (Brickner et al., 2010). The advanced imaging 
approaches such as super-resolution microscopy that allows the nanometer-scale resolution 
can also be utilized to observe the anaphase chromatin positioning with respect to the NE. 
To further elucidate the different mechanisms of chromatin anchoring in S. japonicus, it will 
be important to explore the other protein complexes known to anchor chromatin at the 
nuclear periphery, such as the Bqt1/Bqt2. This will allow us not only to understand the 
overall genomic organization of the S. japonicus cell but also to appreciate how the dynamics 
of chromatin could differ between the two closely related species with different mitotic 
programs. In S. pombe, deletion of Man1 leads to detachment of chromatin from the nuclear 
envelope in interphase, rather than in mitosis (Fujita et al., 2012). During closed mitosis in 
both S. pombe and S. cereviseae, chromatin fully detaches from the nuclear periphery for the 
duration of nuclear division (Fujita et al., 2012). It has been shown that the telomere tethering 
complex Rap1-Bqt4 that ensures recruitment of telomeres to the INM during interphase is 
mitotically inactivated via phosphorylation by Cdc2, the fission yeast homologue of CDK1. 
In fact, artificial tethering of telomeres to the nuclear periphery induced chromosomal loss 
and anaphase bridges between segregating chromatin, suggesting that it is important to detach 
chromatin from the NE during closed mitosis (Fujita et al., 2012). Generally speaking, it is 
conceptually similar to open mitosis where all NE-chromatin linkers are also lost. S. 
japonicus appeared to have evolved a new role of for a highly evolutionary conserved protein 
to influence chromatin organization that goes hand in hand with unique membrane dynamics 
during semi-open mitosis. 
While my data suggests that one role of the mitotic chromatin-NPC attachment is to promote 
efficient inheritance of the NPCs and the nuclear membrane material by the daughter nuclei, 
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it is also possible that this Man1-mediated attachment may play additional roles, possibly 
maintaining the chromatid stability during the anaphase chromosome movement. In man1 
cells, I occasionally observe the improper structuring of the segregating chromatin, e.g. 
relatively uncompacted chromatin strands (Fig. 8.1.E). I propose that the chromatin-NPC 
interaction during mitosis could allow chromatin to come into contact with condensation-
promoting machinery that could be membrane-bound. In light of this, postdoctoral fellow in 
my laboratory Ying Gu has shown that the Aurora kinase Ark1, that was previously 
implicated in condensin phosphorylation and anaphase chromatin compaction is enriched at 
the nuclear envelope in late anaphase S. japonicus nuclei. 
My results also suggest that the telomeres of  the short arm of chromosome III that are 
immediately distal to the late-segregating rDNA arrays may cue the NE breakage point (Fig. 
7.2.B). The data obtained from experiments with man1 cells (Fig. 7.2.B) implies that the 
whole NE is destabilized during anaphase, and yet the rDNA compaction could provide the 
additional pull on the equatorial NE through the NPC-attached sub-telomeric regions free of 
the nucleolar material. This hypothesis can be tested in future perhaps by artificially 
reattaching various sites throughout the rDNA to the NPCs and looking at the breakage sites. 
Nucleolar Dispersal in S. japonicus  
In S. japonicus, the nucleolus exhibits a so-called discardive/dispersive behavior. 
Microscopically, the mother nucleolar mass breaks off in between the segregated genomes, 
with some material following the rDNA arrays (Fig. 5.3.B). The large central mass rapidly 
disperses and the daughter nucleoli are formed once the nuclear division is complete. At late 
anaphase, the NORs observed as a pair of lagging chromatin strands retract from the 
nucleolar bulk (Fig. 5.3.B). Such mitotic nucleolar dynamics is similar to that in the 
filamentous ascomycete A .nidulans (Ukil et al., 2009). As described earlier in the 
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Introduction, the rDNA arrays and also transcription from the rDNA genes are central to the 
existence of the nucleolus. I think it very likely that in S.  japonicus, rDNA array compaction 
in late anaphase could lead to the shut-down of Pol1 transcription and eventually to nucleolar 
disassembly. I observed rapid shortening and compaction of the rDNA following the NE 
breakdown (Fig. 5.3.B). 
 In organisms with closed mitosis, transcription is generally thought to continue 
throughout mitosis, although some reports suggest that the Pol1 transcription could be 
inhibited transiently in anaphase (Clemente-Blanco et al., 2009). It is well established that the 
protein phosphatase Cdc14 is essential for rDNA condensation and segregation, through 
promoting condensin function during anaphase (Clemente-Blanco et al., 2009). Condensin is 
a multi-subunit protein complex made of the dimers of SMC (structural maintenance of 
chromosomes) proteins. It binds directly to DNA and supercoils it to form highly compacted 
chromatids (Thadani et al., 2012). Transcription of the rDNA arrays could create “linkages” 
that potentially interfere with rDNA segregation (D’Amours et al., 2004). These “linkages” 
are thought to be either the rRNA transcripts themselves or the factors related to the 
transcription machinery. Cdc14 function is assumed to resolve these linkages although the 
mechanism remains largely unknown (D’Amours et al., 2004). It has been also proposed that 
the RNA transcripts in the vicinity of the rDNA arrays physically block condensin binding to 
DNA and therefore transcription must be ceased to promote rDNA condensation and 
segregation . 
Curiously, I have observed nucleolar dynamics defects in man1 S. japonicus cells 
(Fig. 8.1.A). The nucleolus often improperly divided into two parts between the daughter 
nuclei rather than dispersing (Fig. 8.1.A). Consistently, I found that the chromatin strand 
containing the longer, less compacted rDNA array was always associated with the 
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abnormally segregating nucleolar mass (Fig. 8.1.D). This suggests that in man1 cells, there 
could be a delay/reduction in rDNA compaction. Drawing from nucleolar studies in budding 
yeast, it is possible that the rDNA transcription does not cease in man1 cells. It would be 
very informative to study and compare Cdc14 activities in both wild type and man1 strains. 
The rDNA arrays are associated to the nuclear periphery only via the telomeric/subtelomeric 
region; the rDNA itself is embedded inside the nucleolus until anaphase segregation. It is 
possible that the association with the NE may promote condensation of the rDNA array 
through contacts with membrane-bound regulators or Man1 may possess yet unknown 
functions that affect nucleolar dispersal through regulation of rDNA condensation and 
segregation. In support of the former, when I re-introduced chromatin-NPCs association 
during mitosis in man1cells using the artificial linker, nucleolar dynamics are also restored 
to resemble wild type where the largest mother nucleolar compartment is left behind while 
each daughter nuclei received an equal smaller proportion of the nucleolus (Fig. 9.C). 
Based on cell biological studies in A. nidulans, it has been proposed that the nucleolus 
may need to be disassembled in cells that lose the nuclear compartmentalization during 
mitosis to prevent contamination by unknown cytoplasmic factors (Ukil et al., 2009). The 
man1 cells could provide a useful model to test this hypothesis since they do break the NE 
but often do not disassemble the nucleolus. I traced the fates of daughter cells that were born 
following such abnormal divisions. However, the results were inconclusive; while some 
daughter cells that inherited the mother nucleolar mass displayed a significant delay in 
reinitiating growth, other daughters continued to grow normally. Overall, man1 cells 
displayed an overall delay in the rate of cellular growth. The rDNA stability has been 
proposed to relate to cellular aging. In S. cerevisiae, it was shown that homologous 
recombination between the rDNA repeats could lead to formation of extrachromosomal 
rDNA circles that appear toxic to cells (Sinclair et al., 1997). It would be interesting to test if 
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cells lacking Man1 produce a higher number of extrachromosomal rDNA circles. In the 
recent years, nucleolar research has proven to be an exciting field of study unravelling the 
previously unknown functions of the nucleolus in cell cycle control, nuclear export and aging 
(Mayer et al., 2005 and Visintin et al., 1999). I consider S. japonicus a wonderful model 
organism to study the mechanisms of nucleolar regulation and disassembly. 
Genomic Similarity does not equate Cell Biology Similarity. 
Both S. japonicus and S. pombe have high conservation on their gene structure and sequence 
(Rhind et al., 2011). Out of the 5000 genes in the fission yeasts, 4218 are 1:1 orthologs not 
only in S. japonicus but that of the other two Schizosaccharomyces species, S. octosporus and 
S. cryophilius. 2616 of these orthologs are spliced with 81% of the introns being identical 
across the four species. Both S. japonicus and S. pombe each have 3 chromosomes with 
similar genome sizes and number of genes; S. pombe is 12.57Mb in size and contains 5144 
genes while S. japonicus is 11.73mb in size and contains 4878 genes. 60% of both genomes 
are coding sequences. Moreover, both have similar number of introns and exons; S. japonicus 
has 10266 exons and 5455 introns while S. pombe has 10497 exons and 5534 introns.  Both 
species have shown similar expression profiles during growth or stress. In addition, their gene 
order is also highly conserved between the two species. There are, however also differences 
between the two genomes. For example, S. japonicus has 10 families of retrotransposons 
while in S. pombe , there are only 2 related types of transposons proposed to be due the 
emergence of the Cbp1 proteins which silences transposons (Rhind et al., 2011).  
From the high genomic similarity between these two yeasts, it is logical to assume that the 
genetic information is largely conserved between these two yeasts and thus, with a 
comparable genetic toolbox, both yeasts should be similar in their cellular processes. Yet, 
however, my investigation so far on the mitotic process of S. japonicus shows that while S. 
japonicus resembles S. pombe in shape abeit for the larger size, mitosis in S. japonicus  
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occurs remarkably different from S. pombe’s (Fig. 10). As such, it is likely that although they 
do not differ much genetically, the genes may be regulated differently in the respective 
species, leading to a change in signalling and metabolic pathways which will then reflect in 
the cell biology processes such as mitosis. The idea is further emphasized  in organisms 
which display differential behaviour in different stages of their lives. For example, the slime 
mold  Physarum polycephalum (P. polycephalum) undergoes open mitosis during the amoeba 
stage but switches to a closed mitosis when it becomes a multi-nucleated plasmodium 
(Solnica-Krezel et al., 1991 and Zhang et al., 2012). Other examples include the semi-open 
mitosis in the syncytial embryos of D. melanogaster and C. elegans as compared to open 
mitosis during other life stages of the organisms. It has also been reported that a loss of 
nuclear integrity occurs during anaphase in meiosis II in S. pombe (Asakawa et al., 2010). 
These organisms vary their mitotic modes, likely from differentially regulated gene 
expression and regulatory pathways during the different stages of the lifecycle.   
Modification /divergence of gene regulation has been thought to be an important factor in 
contributing to the evolution of species, which has been studied extensively in the 
Ascomycota fungi which include S.  japonicus and S.  pombe. The appearance of gene 
paralogs through genome duplication have been proposed to promote divergence between 
species, especially when the original regulatory regions are not preserved, resulting in 
changes in metabolic and cellular pathways (Thompson et al., 2013). For example, 
divergence in the regulation of mitochondrial and respiratory genes involved in nucleotide 
production for DNA replication and glycine synthesis pushes two populations to appear 
within the Ascomycota phylum, one group which is respiratory and rely on oxidative 
phosphorylation to produce energy and the other group produces energy through fermentation 
of glucose (Thompson et al., 2013). Modifying how homologous genes are regulated can 
bring about both small and big changes to the regulatory systems, ranging from modifying 
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the gene targets that a conserved transcriptional factor regulates in different species to the 
overhaul in the expression and control of entire gene modules. A recent study looking at 88 
cis regulatory gene promoters across 23 Ascomycota fungi suggest that evolution prefers to 
conserve the functions of transcription factors and DNA motifs while fine-tuning the 
expression of gene targets regulated  by these factors and motifs instead. (Habib et al., 2012). 
Comparative genomics across 29 different mammalian species reveal a significant portion of 
conserved sequences encoding important functional elements. In the same study, the authors 
also discovered human-specific rapidly evolving sequences termed as human-accelerated 
regions (HARs) to be near enhancers-assoicated genomic regions and of genes related to 
brain and limb development among others (Khaitovich et al., 2006). It is possible that this 
way of regulating genes expression allows organisms to overcome the demands of changing 
environments and survive without drastically altering their genomes.  
 
The balance between genomic conservation and genome plasticity as species diverge and 
evolve is also studied during the development of multi-cellular organisms from unicellular 
ancestors. The transition of multi-cellular organisms from their unicellular predecessors 
occurs on multiple independent events across the kingdom of life, likely between 0.4-1.2 
billion years ago (Rokas et al., 2008). There are however, also recent transitions such as the 
evolution of the Volvocine green algae into multi-cellular forms 0.0.5 billion years ago (Kirk 
et al., 2005). Environment and ecological pressures have promoted ancient unicellular forms 
to diverge into multi-cellular for better survival against predation, higher efficiency of energy 
usage, etc (Rokas et al., 2008). Genomic comparisons between unicellular and multi-cellular 
organisms display some interesting results, showing that the genomes between multi-cellular 




 Firstly, genes related to multi-cellular specific pathways such as cadherins, integrins, 
receptor tyrosine kinases, etc have recently  been found in unicellular forms, such as the 
choanoflagellates, the closest unicellular relative to animals (King et al., 2008 and King et al., 
2001). However, they are often found to be in greater diversity in multi-cellular forms than 
their unicellular ancestors. For example, genes related to immunoglobins and helix-loop-helix 
transcription factors are found to be in greater numbers in the metazoans as compared to the 
choanoflagellates (Rokas et al., 2008). Evidence of genome shuffling is observed as 
organisms increase in complexity; the hedgehog proteins in animals was found to be a 
combination of domains found  in 2 distinct proteins in the unicellular organisms (Ruiz-Trillo 
et al., 2007). There are also evidence of homologous proteins similar in structure and function 
but not sequence between the multi-cellular and unicellular forms; such as the LEM domain 
proteins in yeast and animals (Mans et al., 2004 and Gonzalez et al., 2012). It is also possible 
that gene domains specific to animals may also have been evolved from distant proteins 
found in their unicellular relatives.  Besides these, key conserved gene families such as the 
MADS-box gene family are found to have expanded or modified their roles and interactions 
with other proteins as the organisms increase in complexity (Meyerowitz et al., 2002 and 
Riano-Pachon et al., 2008). A recent paper shows that S. cerevisiae can be induced to form 
clusters and display certain multi-cellular characteristics such as evolution of division of 
labor whereby some cells in yeast become apoptotic while others continue to divide and 
reproduce, similar to the continuously dividing germline cells and differentiated somatic cells 
in animals (Ratcliff et al., 2012). Such experiments suggest that evolution of multi-cellularity, 
likely triggered through selective pressures, may not require a drastic change in their genome. 
Rather, evolution often uses the unicellular genome as a base for expansion in complexity of 
gene families and modifying the gene targets by key proteins such as transcription factors as 
125 
 
organisms evolve into a wide diversity of multi-cellular forms, each adapting to their specific 
environments.  
An excellent example demonstrating that idea that high genomic similarity may not 
necessarily lead to similar phenotypic similarity is the close evolutionary relationship 
between the unicellular Chlamydomonas reinhardtii (C. reinhardtii) and the multi-cellular 
Volvox carteri (V. carteri), both which diverge from a common ancestor 200 million years 
ago, considered  recent by evolution standards (Herron et al., 2009). While C. reinhardtii is a 
single-celled organism which grows flagella during part of the cell cycle, V. carteri contains 
two distinct cells types, the smaller sized somatic cells and the larger reproductive cells called 
gonidia. Although simplistic, V. carteri has acquired certain key multi-cellularity traits such 
as division of labor where the somatic cells are terminally differentiated and only the gonidia 
can reproduce, asymmetric cell division, an oogametic sexual program involving fertilization 
of the egg from the sperm. The embryo even undergoes a gastrulation-like inversion process, 
flipping itself inside out to expose the flagellar of the somatic cells externally. Its cell cycle is 
distinct from C. reinhardtii which undergoes multiple rounds of DNA replication followed by 
mitosis to form multiple daughter cells. However, it can deviate from this during nutrient 
starvation which induces haploids cells to differentiate into opposite mating types which then 
fuse to form a zygote, giving rise to 4 haploid daughter cells. Being unicellular, it does not 
have any traits of V. carteri mention above (Nishii et al., 2010). Genomic comparisons 
between these two organisms show that they both display similar number of genes or protein 
domain types. The gene families involved in development such as cytoskeletal, signalling and 
transcription factors are alike in both species. In addition, orthologs from C. reinhardtii can 
also rescue V. carteri inversion mutants. However, certain differences exist, such as that the 
V. carteri genome show an increase in the proteins related to sexual signalling and ECM 
biosynthesis and that the mating locus of  V. carteri  is considerably larger in size and number 
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of genes as compared to C. reinhardtii (Hallmann et al., 2003 and Ferris et al., 2010). It is 
therefore proposed that V. carteri  is evolved from C. reinhardtii through both the minor 
rewiring of the regulatory pathways and gene amplication to gain multi-cellularity (Nishii et 
al., 2010). Other examples include the different mitotic stages of the slime mold P. 
polycephalum during the different cell cycle stages and semi-open mitosis of the syncytial 
embryos of D. melanogaster and C.elegans as described earlier. 
 S. japonicus and S. pombe, the sister species for comparative cell biology of 
mitosis 
Both S. japonicus and S. pombe are malleable and tractable yeast species,  that in our opinion, 
prove ideal as a dual model system for the study of basic cellular processes, including 
mitosis. Both species can be manipulated using similar experimental procedures and their 
their genomes exhibit a considerable degree of similarity with most genes present as clear 
orthologues (Rhind et al., 2011). Yet, the two sister organisms exhibit dramatic divergence in 
the mitotic process. As an example, I have observed that the LEM domain protein Man1 
retains its core function of tethering chromatin to the nuclear periphery in both species, yet, 
this function is exploited at the different stages of the cell cycle. Comparing the cytology and 
understanding how the mechanisms underlying mitotic nuclear dynamics function in both 
systems will reveal how different cellular physiologies evolve by fine-tuning a common 














Chapter 5 Conclusions and Perspectives 
The bulk of my graduate studies have been focused on elucidating the nuclear dynamics 
during mitosis in the fission yeast S. japonicus, an early diverging member of the fission 
yeast clade. 
I have found that S. japonicus breaks and reforms the NE during mitosis, in stark contrast to 
its well studied relative, S. pombe that undergoes nuclear division without losing 
nucleocytoplasmic compartmentalization. I have shown that the anaphase NE breakage is 
necessary to release the compressive force exerted by the non-expanding nuclear membrane 
on the elongating intranuclear spindle. The nuclear envelope rupture appears to be an active 
cell cycle dependent mechanism. An exciting direction to pursue these studies would be to 
understand mechanistically the processes underlying nuclear envelope breakage and 
reformation. On one hand, that would involve understanding the cell cycle signalling driving 
these phenomena. On the other hand, it would be of great interest to identify the molecular 
players at the NE that function at the crux of mitotic remodelling. With respect to the later 
problem, the evolutionary conserved LEM domain proteins could prove to be interesting 
candidates for futures studies. 
I believe that S.  japonicus is set to gain popularity as a model organism for the study of basic 
cellular processes. Arguably, its most attractive attribute is that it presents an opportunity to 
perform comparative cell biology studies alongside its relative, S.  pombe. My work clearly 
shows that while these yeast species are not highly diverged on the genomic level, they 
undergo strikingly different mitotic programs, likely by fine-tuning the mechanistic 
regulation of basic functional modules. One of the obvious directions to take would be to 
understand how the mechanisms underlying the nuclear membrane expansion at the G2/M 
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boundary diverged in the two species and whether it is possible to reconstitute the 
heterologous mode of membrane area control in a different species. 
My work suggests that the LEM domain protein Man executes a conceptually similar 
function in promoting perinuclear chromatin association in the two fission yeast species, yet 
the regulation of this function has diverged over the course of evolution. I showed that in S. 
japonicus, Man1 plays a direct role in recruiting the chromatin to the nuclear pore complexes 
during anaphase of mitosis while other reports demonstrated that in S. pombe, its orthologue 
appears to attach the interphase chromatin. The Man1-mediated mitotic NPC-chromatin 
attachment in S. japonicus is fundamental to the remodelling of nuclear membrane, the 
nuclear pore complexes and the nucleolus in this organism. Again, it would be of interest to 
understand mechanistically how such divergence is achieved. 
I have also found that unlike organisms with closed nuclear division, S. japonicus 
disassembles the nucleolus during mitosis, somewhat similarly to higher eukaryotes. Thus, S. 
japonicus could prove to be a wonderful experimental system to understand mitotic nucleolar 
dynamics and nucleolar biogenesis following mitosis. Interestingly, the perinuclear 
attachment of chromatin.  including the chromatin ends proximal to the rDNA is important 
for the regulation of  nucleolar disassembly during late anaphase in S. japonicus. Future work 
will include how the attachment of rDNA ends promotes  proper nucleolar dynamics. On a 
broader level, I hope that my studies illustrate how a comparative cell biology approach using 
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